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PREFACE. 

This Work is an account of Experiments on Flow of Water 
begun in Deer. 1874, and closed in March 1879, thus lasting— 
aFber deducting various intermissions — about four years. 

To make the Experiments intelligible, and afford the means of 
criticising them, it has been necessary to give the descriptions of 
the mode of Experiment in great detail. This is simply unavoid- 
able in all physical Experiments. It is this chiefly which baa 
rendered necessary so large a Work. To make it readable, how- 
ever, by the general reader who may not care for the full details 
of the Experiments, a short Preface is attached to each Chapter, 
setting forth the principal Articles containing the gist of the 
Chapter without experimental or argumentative detail. 

A short Epitome of the Chief Results is also given in Chap. 
I, Art. 6a,b, from which the scope of the Work can be seen 
at a glance ; and a very full Summary of the Results is given in 
Chap. XXVI, from which the Results can be gathered in fair detail 
without searching through the Text. A Table of Contents of 
Heads and Sub -heads of Articles is also given to facilitate reference. 

Every possible pains has been taken throughout, first to make 
the Experiments themselves trustworthy, and next to ensure cor- 
rectness in the arithmetical computation resulting, {fee Ch. IV, 
82, 83, & V, 25.) 

Wherever the published Data, and Results proceeding from 
them, appeared in any way doubtful, this is indicated by a query 
(?) attached. Attention has been freely drawn also to such defects 
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in the arrangements as became apparent in the coarse of the 
discussion. 

To render the Work tolerably handy^ it has been printed entirely 
in ordinary 8vo. size. Many of the Tables and Plates thus cover 
two pages each. In a few cases only the Plates exceed this size^ thus 
requiring an extra fold to reduce them to 8yo. size. 

Great credit is due to the Thomason C. E. College Press (at 
which the Work has been published) for the way in which it has 
been got up. It will be understood that the publication of so 
large a Work^ with such complex Tables (Vol. II) and Plates 
(Vol. Ill), was a very heavy* undertaking to an "up-country'* 
Press in India {tee Ch. Ill, 8). 

A. C. 



iir.0«— The Avthor wUl be glad to noelTe any crltldfliis, or notei of mlitikes or Strata. AddicH 
to the TboBUMon 0. B. College, fioorkee, K. W. P.» India. 



• eoferiag about 18 months !a«U. 
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ABBREVIATIONS. 

The following is a List of the chief abbreTiations nsed in thid Work. Abbreviations 
used only in the Tables will be found in VoL II, Introdaction, Art. 9. 



Abbbetutiok. 


FULL SQUrriLBBT. 




Full SQumLBNT. 


Abstr. 


Abstract. 


Inst 


Institute. 


Approz. 


Approximate, Approadmatioii. 


L. 


Left 


Aq., or Aqned. 


Aqaednct 


Maga. 


Magazine. 


Art. 


Article. 


trm^. 


maximum. 


h. 


by,(aainNbB,SbW,&c.) 


Miss. 


Mississippi. 


c. or cab. 


cubic. 


N. 


North. 


Ch., or Chap. 


Chapter. 


N. W. P. 


Korth-West Provmces. 


CiT. 


Civil. 


PhU. 


Philosophical. 


Co-efft. 


Co-efficient 


PL 


Plate. 


Commn. 


Commission. 


Proc. 


Proceedings. 


Comp. 


Comparison. 


Prof. 


ProfessionaL 


Det. 


DetaUed. 


P.W.D. 


Public Works Department 


DiBCh. 


Dischaigei 


B. 


Right 


E. 


East 


S. 


South. 


Eng., or Engr. 


Engineers. 


Ser. 


Series. 


EDgng. 


Engineering. 


Supfl. 


SuperfldaL 


ExptL 


Experimental. 


Surf. 


Surface. 


Ezpts. 


Experiments. 


Tab. 


Table. 


ft 


feet 


Trans. 


Transactions. 


hyd. 


hydraulic 


Vam. 


Variation. 


in. 


inches. 


Veloiy. or Vely. 


Velocity. 


Ina. 


TniJiOTt 


W. 


West 
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PART I. 

CHAPTER I. 
INTEODUCTION. 

1. Importance of DischazgeHeasurement— The most important 
quantity requiring measurement or calculation in practical Hydraulics is 
the DiscHARGB passing through a channel : and in artificial channels, 
such as Canals, it is desirable that this should be measurable or calcu- 
lable with some accuracy. « 

Discharge-measurements of large Canals and Rivers are being con- 
stantly made ; but can any reliance be placed on the numerical Besults ? 

Most of the formulas at present in use iuYohe numerical *' coefficients '' 
whose values have as yet been determined solely from Experiments on 
the very small scale, e. ^., from pipes and small artificial channels : the 
propriety of their application on the large scale seems doubtful, and at 
any rate requires proper testing. 

2. Modem Experiment. — Much systematic and extensive Experi- 
ment has been done of late years on Channels of very different kind — 

l^ Vipe$ and Small Open ChanjielSf by Messrs. Darcy and Bazin in France. 
2*. Medium Rivers, e, g,. The Lake Rivers, and Gonnecticnt River in America ; 

and the Rhine, and Elbe in Europe. 
8^. Great Rivers, e. g.. The Mississippi, La Plata, &c., and Irrawaddi. 
The small scale French Experiments (No. 1°) were done with a pre- 
cision attainable only on the small scale : they are believed to be ample 
as regards flow of small bodies of water, (none of their channels having 
exceeded 6^^ width.) 

Biver Experiments, though they unquestionably lead to Besults of 
great practical use, are not well suited for attaining to the discovery of 
general laws of fluid motion : as, from a variety of causes, they can sel- 
dom be executed with the necessary precision ; the inevitable irregularity 
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of banks and bed leads to a complexity of motion which cannot as yet be 
unravelled, and traced to its separate causes. The Great River Experi- 
ments especially are on motion of too tumultuous a character to admit 
of resolution. 

The River Experiments clearly show that Results depending solely 
on Experiments on the very small scale art not safely applicable to large 
bodies of water. 

[The author has been informed* that a Bingle Flood Discharge-Measnreinent of 
the Ganges at Hardwar varied from 100,000 to 200fi00 e. ft per sec according to 
the formula used in compating it]. 

3. New Experiment wanted. — The sort of E3q)eriment now wanted 
appears to be something Oh h larger scale than the small scale French 
Experiments, and yet under simple conditions, viz.*— 

" Experiment on Large Bodies of Water in Uniform Motion in Begnlar Channels" 
^iecttted with a precision approaching that attainable on the small 
SCsile. Such conditions are ordinarily attainable onlj/ on Canals* 

4. Opportunities in India. — The presence of many Large Canals 
points to India as affording unusually favorable opportunities for prose- 
cuting such Experiments tmth a fair expectation of a practically uetful 
Besult. 

[Experiments on a limited scale have been carried ont by many of the regular 
Canal Staff ; btkt partly from want of d|)ecial funds, and partly from want of leisare, 
these Experiments of individtuds hare necessarily been of a destiltorf character, and 
limited in scope : moreover, not having been published, they are ptacticaUy aaelns 
io science. 

Experiments on a considerable scale were projected in 1866-67 to be performed on 
the Ganges Canal at or ilMr R<k>rkee ; but the officersf cotmetted with them all died 
before even the experimental difficalties ih the use of the tastEWkients intended ttt be 
used were{ surmounted]. 

5. Obi)eGt9 of tbis Work»-«Th« primary objects ol this Work Were 
then — 

i. T^m>\Mj tt a good Metiiocl o! Dischaige-Me^urement, i 
ill Testing the api^licability of known ^ean- Velocity Formula, [ ^q^^ 
iiL Disooveiy of a good apph>ximation to Mean<V«loclty, ' 

^ese are matters of great practical importance : their investtgalioil 
has been kept steadily in view throughout. In fact the Work, as a wholfjj 
may be said to lead up to this end : « few coUaliBnd qn^ttons have 

* by the BxeoatiTe Bngineer, N. Dlvn., Ganges Canal. 

f The late tientX^oU J. Dyas, RAh tienU J. OarroU, AJ., lient. ^. 6otterill Smith, B.B. 

tTMato f e ii hafttoititwathaM&B c pa rt i^l M MWIwte 
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Meed been tujfjeu op, h^ ^trjl^lj «a]^ir4iiMtted to ^^ mm egkA, Re- 
flilti of gra»t uiovesim-^^esidAB tbe msm objjeeis «oiigki»-iiiight of 
course be expected to aecrne in the course of tbe regnlar work. 

6. Be^nHs. — It may be i^ell to giFe ^t o^ce a very bri^f jabstrtuct of 
^ cliJiBf Seisults atJbainftd. A J^rj feJi 3»»»ary i» gH^en in Cbap. 
XXVI., in which the iHiole of the chief RdBsnits €tre broaght together 
for ready reference. 

$a. Maut Bkbui^ts. — The following abb the primurp Resoltfl : — 

^ Loaded Tabe-Roda give a rapid and snfficientij close approximation to Mean 
Velocity past a Vertical : tfaej are so bandj in nse tiiat tbej should supersede 
ail other Instmments for the purpose (in depths not > 15'/', (1). 

''With good arrangements Discharge-measurements obtained (by the system advo* 
cated) jinder suniiar eonditiims laay be expected not to differ more than S per 

^ Hone of ftba knowii Mfiaa-Velooity FooDolfls appear to be of reallf genezalap* 
plicability. Entter's appears to b^ tbe m(^t|^ne^ : the ajPf)xoximatioa liktlf 
to be giy.cn bj it faJIs far sbojrt of that given by direct Discharge-Measure- 
ment" (3). 

** Central Mean Velocity-Measurement appears to be the best means of rapid 
a;^;>ro«iiiui<ioM to Mean (Beetional) Velocity; bat the vedaotion must (at pre- 
aeat) be effected kj a oo^^oie^t to be /nutd hy previous spec^ ^^peHm^ 

attach Site", ,.->.. • • (*> 

!Hi^ vese^ch An4vP!g in R««al|; (I) giQpw|*eB 0>«p. XV. ; ttke fipn-r 
jr^enpe of the Jnatmment is so greaJt thaib .this Bespjib is coAsidered 
4;p h^ ^ gf^i praotic(iJ use. The Metfi^ ^f Pischarge-:mea8!arein.epjb 
is e^plmed in Chap. ^1%., : the jQonclosion No. (2) is ^opted «fter a 
very extended critical Test of the mntaal agreement of the Results, given 
4n iChi^. XZ.h It is snbiiMJtited ihj^ jthis is^conai^eiripg Dm» nature of 
ihe Work-- a highly ffivorable Besidjt. The Testing pf known Mean 
Velopity-Fon^nlae occupies part<>f Cb*p. XX. ; the Coi^lusion No.. (3) 
must be confessed to be disappointing, especially .as the.f^^ihA' i^ ftoji 
pjrepiM^iQd to angg^t J^J unprored fQipnjiU. 

^. Mmoft R]E8VLTS.«-The >£cJWidng are a fev 4tf tiie jnore interestr 
iDg secondary fiesuHs :^> 

<* The motion of water in Large Open Channels .is essentially unsteady : even in 
long straight fairly uniform Beaches, the velocity at any given point is or- 
tremely variable from inetant^to instant; aiMl'tbeatreaBai4ine8M^«rfa«0 freely 

iu a)l diisations'V.........^ »«v^*. •..^.....^•.....«.... ...... <.«.««m......^v^«^*XO* 

The water-surface is not sensibly convex across the channel", v/!.(6^* 
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"The ATerage Velocity-Surface is, as a rule, conTex throngliOTt ", (7). 

" The Maximnm Velocity past any Vertical is, as a rule, below the surface : the 
depression increases from the centre towards the hanks (in a rectangular 

channel). The depression is not mtuh affected (if at all) ht/ fcind ", (8). 

"Loaded Bods nearly grazing the hed move slower than the Mean Velocity past 
them : so that to measnre Mean Velocity past a vertical, their immersed 

length should he deeidtdly shorter than the full depth ", (9). 

** The Mean Velocity at a given Site depends more on the Surface-Gradient, (which 
is determined hy the state of Control ahoye and helow the Site,) than on the 

mere depth of water at the Site" ^ ^ (10). 

"ADischarge-Tablefor a given Site must (by reason of (10)) necessarily be one 
of at least double entry, showing the Discharge as depending on both Surface- 
Gradient and Gauge-Reading", ..(H). 

The great practical importance of Result (5) will appear in Chap. VI., 
Besnlts (6) and (9) are specially interestmg as being contrary to received 
opinion. Besolt (11) is important, inasmuch as the (official) Discharge 
Tables are of single entry purporting to show the Discharge correspond- 
ing to a given Gauge-Reading. 

6c. General Review. — The General Result of this Work may perhaps 
be considered in some ways disappointing, in that there are no brilliant 
Results, no simple laws of fluid motion discovered, not even a new For- 
mula proposed for Mean Velocity; the complexity of fluid motion 
becoming indeed the more apparent, the more the conditions of experi- 
ment are yaried. Nevertheless the author submits that, on the whole, 
the practical objects proposed have been attained (compare Art. 5, 6a) ; 
and that, taking this together with the great scientific interest of many 
of the other Results, the great outlay on this Work has been usefully 
incurred. 

7. Favorable Sites^ — In order that a Bitb may be really farorable 
for Experiments on the Flow of Water under simple conditions (as indi- 
cated in Art. 3), t.e., uncomplicated by local peculiarities of the Site, it 
seems desirable that-* 

^ The Site should be situate in a straight uniform Reach of great length, i.e^ 
with uniform Banks, uniform Bed, and also uniform Bed-slope for a great 

distance hoth above and below the Site", (12), 

and that these distances should be sufficient to reduce the motion to a 
state depending solely on the following local elements — 

^ Bed-Slope, Figure of CSross-Section, Roughness of Channel, Depth of water ", 
uncomplicated by the disturbing action of Obstructions, Inlets, Escapes, 
Falls, &c. 
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It Beems doubtful whether a Site can be fonnd really fnlfilling the 
above favorable condition in any earthen channel (whether natural or 
artificial) with high velocity, except where artificially protected by ma- 
sonry, owing to the great liability to scour, which destroys the uniformity 
of Bed-Slope. In default of finding so favorable a Site, it seems desir- 
able, at any rate, to avoid complication of the motion by Obstructions below 
the Site, so that, — 

^Experimental Sites shoald not be sitoated in marked hollows in the Bed- 
Slope", (12a). 

7a« Shelter. — High wind renders both water-level determination and velodty- 
neaflarement more difflcnlt than in calm weather, so that when Experiment is to be 
carried on continaonaly for a length of time, a Site sheltered from wind both by high 
banks and trees is very desirable. In a hot climate a sheltered Site is also desirable, 
as the shelter from the snn enables Field-work to be carried on longer than it can be 
at an exposed Site. 

8. Vertical, TransversaL— For shortness' sake these two terms will 
be employed, — 

Vebtigal. Any vertical line in a channel extending from the snrfaoe to the 
bed will be called simply a Vertical. The vertical at mid-channel will be 
called the Central Vertical : all others will be called Non-Central Verticals. 

TfiAiTSVEBSAL. Any horizontal line across channel will be called simply a 
TransversaL The most important are the Sorface-, Middepth-, and Bed- 
Transversals. 

9. Telocity-Ordinatei -Corvei and -Surface. — The introduction of 
some geometrical terms will be convenient here for shortness' sake in 
treating of the distribution of velocities in* a channeL 

Vblogitt-Ordinatb. a straight line drawn down-stream from any point 
in a cross-section of a channel, perpendicular to the plane of the cross-section, 
and proportional to the ** forward velocity " * at that point, will be called the 
Velocity-Obdinate at that point. 

Vblogitt-Cubvb. The tips of the velocity-ordinates at all points of any 
straight (or curved) line in a cross-section will trace out a certain curve which 
will be CHlIed a Velocity-Cubve, and the line in question will be called the 
Base-Like (or Base-Cxtbye) thereol 

The most important Yelocity-Cnrves to be studied are those drawn on 

vertical and horizontal Base-Lines : these Base-Lines wUl be called — 

Base-Vebticals and Base-Tbaksvebsals, 

and the curves drawn on them will be called — 

* i^^ resolved part of the "aotoal velocity " taken parallal to tbeooircn^BziSi see Oh. 17., 1. 
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2®, Tbaksvebse (or Horizoktal) Vblocitt-Cubveb. 
Of the latter curves the most important are— 

(a),9trBrACB- ; <ft), Middbpts- ; and ie), BBD-VBLoenr-OuBYBB, 
whose Base- Lines are Trans rersals — 

(a), in the ssrfaee ; (6), at middepth % (0), and aeraas the hed, 
the bed being suppoted to be Uvel across in (he two latter oasoB. 

[The middepth line and bed-contonr lines are of conrse nsnaUj airved liMff^ bnog 
ftzaight lines onlj when the bed is level across. The Middepth and Bed-Velocity* 
Corves wonld be plane carves only in this same case. This is, however, the only 
case in which they have l^n studied in the present Expeiim^ts]. 

Another ^erj important earre, which viwg^hj an obrioiw ABtauuOii 
of the definition — be included in die Transirerse Velocitj^CnrTes is the 
following:— 

Mban Velocitt-Cubtb. This name will be ^ven to the «iirre teaqtd bf Hm 

tij>8 of velocity^cdinates at all pointeof an^ horJbbOBtal Base-line, ^each pro- 
portional to the ^ Mean Velocities past the Verticals "* through those points. 

Again — 

YBiiOCtnT'BiTBFACU This wane wiU he given to ,the Smiace txi^d 09t by the 
lifs d. fhe ^»toctty^«idiiiaigf nt aU points of a ^ecossrsection. 

It is dear that the V^oeity^Oiiry^e anB;,^*««4>y their orxiijuktesi^^j^mphic 
representations of ttie distribntion of the <*' velocities "f P*** ^^^^ Base- 
Lines, and that the Yelocity-Sarface is similarly a graphic representation 
of the distiibution of the ^* velocities **t throftg^owt the ^rfeele cross- 
section. Great use will be made of these curves in the sequel. 

Also the Velocity-Curves are — excepting the Mean Veftocity-Cwve — 
•obviously plane sedaens of 4he Velocity*6Qrface bf pkaea 4raana ilirough 
their Base-Lines perpendicular to the cross-section. 

Also the Areas of the Velocity- Curves are — including the case of the 
jy^aB Yeloeitf- Curve mi a rastanguLur dianjcuel ^y-^Uxe odeaJWxes <Qf the 
(enperfif^l) Dtfiefttai^ges past tdieir Base-Linea : imd l^e Vofliune of the 
Velocity- Surface is the measure of the (cubic) Discharge thron^^h the 
whole section. 

[It will be understood that the terms ^ yertiod ", and ^ transvene " e^^y ta the 
potitUm €f the Curvte, <Dot to the direction of the velociiies, 'which aw of »pppuae 
parallel to the current-axis :) thus these Cur^-es being in vertical and transverse planea 
may, with propriety, be termed Vebtical-Oubves and Tbansvebsb-Cubves]. 

* t.e., means of the velocities at all points of each Vertical, see Chap. IV, 3. 
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1 0. TelOOity-Ourres, FoBX.-^Th^ inirestigation of the flgnre and size 
of the Tarious Velocity-Caryes in different positions and under varions 
conditions in the same Cross-Section, yiz.^ 

Vertical Corves npon different Verticals and at Tarious water-lerels for each, 
TransTerse Carres apon different Transversals and at various water-levels for each, 

is an object of the very greatest importance; both to Thbort, as being 
a help towards forming a rational Theory of floid motion ; and to Pbactiob 
as leading np to one of the most hopeful modes of arriying within a 
moderate expenditure of time at a fair approximation to (the most im- 
portant hydraulic quantity, viz.,) the Total Discharge through a given 
section : it has accordingly always been a matter of great interest. 

Much and continuous Experiment was accordingly deyoted towards 
obtaining data for this research. 

11. Mode of Research. — The mode of research employed was to mea- 
sure the " forward velocity"* at many points of the same Vertical, or of the 
same Transversal with (nearly) constant water-level, thus giving the values 
of many velocity-ordinates of the same Vertical or Transverse Velocity- 
Curve : next to effect the same with other (nearly constant) water-levels 
on the same Vertical or Transversal, thus giving the ordinates of different 
Velocity-Curves upon the same Vertical or Transversal : next to repeat 
the process upon different Verticals and Transversals at the same Bite ; 
and lastly at different Sites. 

12. FieU*Worlu— The ordinary gysUmatic Field-work consisted chiefly 
of VnooiTT-HKAsURBXBRT, and this mainly of following kinds :--^ 

L Velocity-measnrements at many points on same Vertical 
ia. Rod-velodty-measnrements along with above. 
IL Velocity-measnrements at many points of same Transversal, viz., 

(a), Snrfaoe-Velocities \ (ft), Middepth-Velodei«t ; (e), Bed-Velocities ; 
(<0> Mean Velocities past many verticala. 
ill. Central Surface Velocity-measnrements along with iii. 

The Eesults of i, ii when plotted as ordinates to their respective Base* 
Lines (Verticals or Transversals) gave rise to the various VsLoctrv- 
Cvnvss above called for shortness, — 

L Vertical Velocity-Curves. 
ii« Transverse Velocity-Corves, comprising the following : — 

(tf), Surface- ; (J), Middepth- ; (c), Bed- ; (d), Mean-Velocity-Curves. 

* fleeCliaprV,!. 



Digitized by VjOOQIC 



8 CHAP.. I.— nrTBODUOTIOH. 

The rest of the systematic Field-work was mostly snbadiary to the 
Velocity-work above, and consisted chiefly of — 

iy. Snrface-Slope Measarement. 
T. LeTeUing, in connexion wiiih the last. 

tL Sounding, to detenmne the Average Cross-SectiQn o£ Channel. 

A yery great deal of each of these six kinds of Field-work was done 
in the coarse of the Experiments. The description and discnssion of 
Nos. i — iTi which are the chief hydranlic data, form the bnlk of this 
work. 

Besides the aboye systematic work, occasional E3q)eriments were also 
made on many other points of collateral interest, and will be fonnd des- 
cribed in dae coarse. The most systematic of these were on the snb- 
jects of— 

Tii, Silt, see Chap. XXIV., and riii, Eyapobation, see Chap. XXV. 

12a. SoALB OF Field-work. — The extensive scale of the Field-work 
can now be judged of from the following brief Abstract* of the systematic 
Work only : — 

i,. 565 Sets of Vertical Velocity^orre Work, (each containing yeloci^^- 

measarements repeated 3 times at every foot of depth.) 

ia,... 548 Rod- Velocity Meosnrements done along with above, (each repeated 

6 times.) 
iitf, 5, 0, 138 Sets of Transverse Velocity^Cnrve Work, (each con tidning velocity- 
measnrements repeated 3 times npon from 10 to 21 verticals.) 

ii<^ 581 Sets of Mean Velocity-Cnrve Work, (each containing velocity- 

measnrements repeated 3 times npon from 10 to 21 verticals.) 

iii, 318 Central Surface VelocityrMeasnrements, (each repeated 48 times.) 

iv, 440 Sarface-Slopo Measarements, (about 150 done on both banks.) 

vii, 90 Silt-Collections. 

viii,. 40 Evaporation-Measurements. 

It will be obyions that the nnmber of yelocity-measnrements was 
enormons (abont 50,000). The occasional Experiments done are not 
worth detailing here, though forming an important addition to the sys- 
tematic work. 

12b. Praotioal Objects. — The Field-work Nos. i, ii jnst detailed is 
anobrioas Step towards determining the figure of theseyeral Velocity- 
Cnrres above-named. 

Bat there was a very important practical object kept in view throngh- 

• Theae nnmben are taken (with sUght modification not wortb explaining here) fioBi 
Tables SS, * LXXZIV-LX2XVI. 
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out, (without which eod it would indeed probably not hare been at- 
tempted,) 

1 9t ia« Velocities patt same veriieaL The real object was the Measurement of 
the Mean Velocity past the Vertical, and finally the discoyery of 
some easy means of rapid approximation thereto. 
nd. Mean Veloeiiies past mani^ verticals. The real object was the Mea- 
surement uf Cable Discharge, 
iii 8q Iy. Central Surfaee Velooity^ and Surface-Slope, The real object was the 
testing of existing formnls for Mean Velocity, 

Althongh, therefore, a great deal of the discussions in this Work may 
appear to be of purely scientiiGic interest, and of little practical yalae, it 
should be distinctly noted that the Data discussed were obtained almost 
entirely with the abore important practical objects, and that very little 
time and money have been spent on obtaining Data unnecessary for these 
practical ends. 

[It may be noted that Step No. 1 is that advoeated in the Mississippi Experiments 
Work (p. 292) as likely to he the most practically useful as an initial step in the 
present state of knowledge, and that it has resulted in showing the Tnbe-Rod to be 
an Instrument extremely well suited from all points of view for the purpose]. 

18. External Oonditions. — By this term it is proposed to denote the 
ensemble of (varying) Conditions which determine the velocities of the 
water at different points of a Cross- Section, that is to say external to, or 
independent of, the Site itself, and of the state of the channel above and 
below it. Such are — 

V, Depth of water at the Site. 

8^. Begulation of the supply from aboTe. 

S^. Regulation of the Discharge below. 

4**. Surface-Gradient. 

6**. State of wind. 
13a. Grbat Ranob requisite. — It is clear that in order to discover 
the law of dependence of velocity at any definite point apon any of the 
External Conditions, it is necessary that Experiment should be made on 
velocities throughout a great Range of that Element, e.^., taking the Ex- 
ternal Conditions in the order of Art. 13, 

1®, from very low to very high water. 

2°, through a great range of regulation at head of Reach. 

8% through a great range of regulation at tall of Reach. 

4**, from very gentle to high surface-gradient. 

5", from a calm to a high wind. 

18b. Actual Range. — The Range of the External Conditions ac-^ 
tually obtained, and also that of the Resalts consequent, are shown in 
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Abstract Table 82 for each of the different sorts of syitmatic Telocity^ 
work (Art. 12) undertaken. The Range of the Conditions, and, there- 
fore, also of the Resalts, was in some cases very great ifuieed; especially 
in the case of the most important kind of work (Mean Velocity- and 
Discharge- Measurement) at the two principal Sites — 

" SoUnf Embankment Main ", and ** Solini Right Aqnednct ", 
see Table 32. This makes (he present Experiments very vcdudblej no 
systematic Experiments with snch a wide Range of External Conditions 
haying been hitherto published, 

[The two Sites in qaeation were both (see Chap, m, and Plate IL) in channtls 
of a highly artificial character, tIz. — 

Emhankment Claj bed with brick and bonlder barB, with masonry stepped aidea 

Bight Aqueduct, Rectangalar masoniy section. 

It is nnfortanate that circumstances* did not permit of eqnally extended Experi- 
ment in any of the Earthen Channels ; the Range of External Conditions, and, 
therefore, also of Resalts, actually obtained in them was comparatively small, see 
Table 82* An extensiye Series of Experiments in Earthen Channels is, therefore, 
still a desideratum]. 

14. Range. — This short term will be used with following meaning :— 

Ranoe (^) = Difference between higheet and lowest values of a number of 
quantities (of same kind)^ .••«.. (13). 

The Range of the quantities in erery Sub-Column throughout the 
Detailed Tables is entered in the last line but one (marked ^) of each 
Series or Table. In the Abstract Tables, the '' Range line ** is the 
second of the two lines appropriated to each Series. 

15. Measurement. — The terms Velocity-measurement^ Discharge- 
measurement, Slope-measurement, &c., will frequently be used to denote 
the more or less imperfect measures of the several quantities Velocity, 
Discharge, Slope, &c., obtained by experiment, as distinguished from 
the real yalues thereof. For shortness' sake, howeyer, the simple words 
Velocity, Discharge, Slope, &c., will frequently also be used, when the 
distinction (if required) can be readily supplied by the reader. 

16. Notation. — The following symbols are used, as a general rule, 
with the meanings below, throughout the whole Work. They are occa- 
sionally also used with other special meanings which are explained as 
required. Many other symbols are also occasionally used ; their mean* 
ings are explained as required. 

* Ckiefly tbe qneilloii of ezpuMS. 
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BTMBOU 


ICiAvnro. 


t 


Any depth below mifaee. 


z 


Depth of maximiim velocity past any verdcaL 


h 


Oaii£e-Beadiog, Depth above datom, &c. 


H 


Central Depth, Depth on any vertical, &c. 


B 


Hydrantic Mean Depth. 


* 


Average depth of Obstmction at Ealla at TaU of Reach. 


1 


Length of Connector, Length of Bod. 


n 


Nomber. 


z 


Value of Z 4- H. 


»,B 


Sorface-breadth, Wet Border. 


A 


Area. 


P 


Parameter of velocity-parabola. 


Fi.F^F„F 


Sorface Fall in Upper, liiddle, Lower Sab-Reach, and whole Reach. 


8 


Local Sorface-Slope. 


t^,t^«f 


Velocity in general, or at depth c, or at absciaaa y. 


»o» nn, »H 


Surface, Mid-depth, Bed Velocity (on any vertical). 


«• 


r^tral Velocity, also Central Surface Velocity. 


U 


Mean Velocity past a vertical, or past a transversal. 


U« UihiUb 


Mean Surface, Mean Mid-depth, Mean Bed Velocity. 


Uo 


Central Mean Velocity. 


V 


Maximum Velocity (on any vertical). 


V 


Mean (Sectional) Velocity. 


« 


Rod-Velocity. 


«■ 


Value of i (1^0 + S^'ih). 


» 


Value of 100 . VRS. 


D 




D 


Cubic Discharge ifi e,/t, per gee. 


Q 


Withdrawal by Distributaries in e. ft. per tee. 


C,Cb,Ck 


Value of V-r » hy Experiment, by Bazin's Rule, by Kutter's Rule. 





Value of U-4-»^, or of V-r- »o- 


Ok 


Value of 100 C-4-(100 C + 26.84), (Bazin's Rule for o). 


e 


Value of V-r Uo. 


<r,«ro 


Silt-Density on any vertical. Central Silt-Density in grt.per e, ft. 


« 


Mean Silt-velocity past any vertical in gre. per tq,ft.per eee. 


8 


Total SUt-Discharge in Ibe. per tee. 



17. TTnitB^ — ^The units adopted throaghont this Work are— -where not 
otherwise stated— the British foot, and the second. Feet and inches are 
indicated by the osaal single O and double C) accents. Thos, — 

Velocities are measured tn feet per eeeond. 
Super6cial Dischaiges, in equare feet per eeeond. 
Cnblc Discharges, U cubic fiei per eeeond. 
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12 CHAP. I. — IVTBODUCTION. 

18. Traasliteration.— In transliterating names of places, and Hin- 
ddstdni words, the Hanterian system has been followed, except in words 
that are in familiar use in other spelling. It most be remembered that 
the orthography of the Temacnlar names of small places, each as frequent- 
ly occur in this work, is not always itself well settled, so that different 
writers spell them slightly differently even when using the same trans- 
literation-system. 

19. Text» Tables, Flates^^The Details necessary for the full elucida- 
tion of the Experiments are so very heavy, that it was thought best to 
divide the Work into three Volumes — 

Vol, I, Text ; Vol. n. Tables ; Vol. HI, Plates. 

19a. Vol. L, Text. — The Text contains the whole of the Description 
of the Experiments, the Discussion thereon, and the Results. The only 
Tables which appear in the Text are such as are either, 1^ of a descriptive 
nature, or 2^ of a special kind only bearing on a particular point, or 
3^ very short Tables. All purely Experimental Data are relegated to 
Vol. II, (Tables.) 

The Text is naturally divided into four very distinct Parts,^ 

Fart L, Chap. I-Vm— Preliminary and Misoellaneons. 
Part n., Chap. IX-XVI— Vertical Velocity-Cnnre Work. 
Part m., Chap. XVII-XXII— Transverse Velocity-Cnrvc Work. 
Part IV., Chap. XXni-XXVII— Subsidiary Work, and Conclusion. 

Each Chapter of the Text is divided into Articles, the subject matter 
of which is briefly stated at the beginning. Results are printed in a 
smaller type and indented so as to catch the eye. Articles of minor im- 
portance, or containing great detail are also printed in small type, (not 
indented.) Explanatory matter of minor importance is printed in small 
type enclosed between square brackets [ ], and not indented. 

19b. Vol. II., Tables. — These are divided into two Parts, viz., 
Part I, Detailed Tables ; Part II, Abstract Tables. 

Detailed TodiM.— These contain the whole of the numerical details of 
the Experiments, t.6., the whole of the data, and also such detailed Results 
as depend directly on them. These are, therefore, the real primary Evi- 
DBNCB in hand. 

Abstract Tables. — ^These contain an Abstract of the principal Data and 
Results (chiefly '< Means" and << Ranges") from the DeUiled Tables, 
together with many additional (computed) Results deduced from them. 
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ABT. 19b— 20b. 

Beferenoe to these (Abstract) Tables will suffice for most purposes of 

illastrating the Discassion, and so save reference to tJie larger (Detailed) 

Tables. 

[iVi^— The Tables are preceded bj a general Introduction (of only 4 pages) ex- 
plaining their Arrangement and Notation. This shoald be read before consulting 
them, as it Ib essential to a clear comprehension of them. The two Sets of Tables 
have separated nnmbering and pagination, and are each preceded bj a complete Table 
of Contents]. 

19o. Vol. III., Platss.-— Veiy free use has been made of graphic , 

illustration to exhibit whole groaps of related Data and Resalts in a form 

which can be quickly taken in hj the eye. In many cases a reference to 

the Plates will save the necessity of a laborious study of the Tables. 

[The Plates are preceded by a general Introduction (of only 8 pages) explaining 
their Arrangement and Notation. This should be read before consulting them, as it 
is essential to a clear comprehension of them. The Plates are preceded by a complete 
Table of Contents]. 

20. Refereiices.^To facilitate reference, the mode of division and 
numbering of the Text, Tables and Plates, and of the several sub-di- 
visions and parts thereof are given below. 

20a. References, Text. — The numbering of Chapters, Articles, 

Glauses, Besults, &o., is as follows : — 

Ckaptert, in Boman numerals, as VI. 

Ariiclei, in black letter Arabic, as 14, o;^ he finning of Article. 

Subordinate Articles in black letter Arabic, with letters, as 14a» ot beginning 

of Article. 
Clausee, in two styles, as iv, or 4^, at beginning of Clause. 
Setults, in Arabic figures in brackets, as (25), at end of Result 
Subordinate or Connected Results, in Arabic figures with letters in brackets, as 

{25a), at end of Result 

The numbering of Articles and Eesults is continuous through any 
one Chapter, and starts fresh with each Chapter. In references within 
a Chapter, the Chapter No. is not quoted : in references to another 
Chapter, the Chapter No. is always quoted, thus — 

Art 14— iv, or 14 — 4®, denote Article 14, Clause iv, or 4® within the Chapter. 
Besult (25a), or £q. (25a), denote Result (25a), or Equation (25a) within the 

(Chapter. 
Ch. VI, 14— iv ; Ch. VI, 14—4® ; Ch. VI, (26a), denote the same as above 
in Caiapter VI. 

201D. References, Tables.— The two Parts of the Tables bear separ- 
ate nnmbering, thus — 
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BBTAILED TABLBS, N08. I— liXXXVIf AB8TBACT TABLES, N08. 1— 84| BO 

that for parposes of reference, — 

Tab. LXX denotes Detailed Table LXX ; Tab. 80 denoCM Abstract Table 80, 
Li most of these Tables, the Series, Golmnns, Sob-Columns and Lines 
are distingnished as follows : — 

Series, nambered in black letter, as 107. 
Cotumne, nnmbered in black letter, as 6- 

8ub^olumnSf some marked by special letters, as 9, m, A, H, 5, B, A, B» v, «, U, 
D, V, D, &C., 

some by Arabic figures, as 41}, 80, &c. 
XtfMt, some marked by special letters, as 9, v, «', a> &C.9 
some identifiable by the dates given, as 9-1-79. 
The abbreviations Ser., Gol., Snb-Ool., L., will be used for Series, 
Colnmn, Sab-Oolmnn, Line, respectively in making references. . 

20c. BeferenceSy Platbs.— The numbering of Plates and Figures is 
as follows :— 

Platee, nnmbered consecatiyely in Boman nnmerals, thns I— LIL 
Figturee, some nambered in yarions styles specially for each Plate, 

some bear the Serial No. in black letter qaoted from the Tables. 
Thus, for purposes of reference, — 
PL XIX, iiia, denotes Figure ilia of Plato "yTY. 
PI. XX« 9, denotes Figure 9 of Plate XX. 

PI. XXXI, Ser. 109| denotes Figure marked Series 109 on Plate XX XT. 
21. Works of reference^— Subjoined are two Lists of recent Works 
on Hydraulics (chiefly on Flow of Water) which may be found con- 
yenient for reference— 

L Reports of the more important Hydraulic Experimente (on Flow of Water), 

published since 1850. 
n. Works on Hydraulics published since 1860, most frequently consulted in 
preparation of this Work. 
List No. I alone aims at tolerable completeness. For conyenience 
of reference, short Titles are giyen of the Works most frequently quoted 
in the Text. Many other Works (both experimental and theoretical) 
have been consulted in preparation of this Work, and are quoted as ro- 
quired. 
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List I. — Experiments on Flow of Water. 
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TiTLi, and Seuon of Exporiment. 
Anthor ; Place and Date of pnbUostlon. 



SbflrtTttle. 



Lowell Hydranlic Experiments, ... 



Traits de 1a Me8iirede8£anzCk>iirBnte8, *46— '62 

BoUeaa, P. ] Pari% 'M 

!•• ••• ••• 4|-^ oZ 

Francii, J. B. ; Boaton, 'U 
Becherches Ezp^rimentales lelatiTes an monvement de 1'- 

eandanslestnjanz, '49— *51 

Duey, H. ; Paris, '57 
Beport upon tbe Physics and Hydranlics of Che Missis- 
sippi Riyer, '51— '60 Miss. Report. 

Hnmpbreys, A. A., ft Abbot, H. L. ; PbiladelpUa, '61 
Becherches Ezp^rimentales snr r6conlement de I'ean dans 

lescananxd^oonvertB, '55— '60 

Duaj, H^ ft Basin, H. ; Paris, '6£ 

DielntamationaleEheinstromMeBsang, >67 

azebenao, H. ; Mcinlob, '78 

Surrey of the Northern and North-wcrtem Lakes, ... '67— '( 

[In Beporta of Obief of Hagn. U. 8. A.. tIb., Report of '68, p. MS, Appz. Wd.; 

Beport of 'SS, p. MS, Appz. XA; Report of '70-71, p. SM, Appz. AA, D.] 

Henzy D. F. ; Waahlngton, '68— '70 

Hydranlics of Great RiTen, ... ^ '70— '71 

BAvy, J. J. ; London, '74 
BdtrSge znr Hydrographie des Konigreich's Bohmen, ... '71— '72 

fiarlacher,A.R.; Pragne, '71 — '74 

Theoiy of How of Water in Open Channels, '72— '78Irrawaddi 

Gordon, R. ; Rangoon, '76 
Improvement of Rivers and Harbonn in the States of 

Connecticat, &c, '71— '74 

TBeport of Obief of Bngra. U. a. A. f or '70, Part n, p. 800, Appz. AA 14] 

BUiStT.a.; WaBhington,'75 
Rq>ort of the Surveys and Examinations of the Connec- 

ticnt River, '71— '74 

CRaport of Chief of Bngza. U. S. A. for 78, Part I. p. 248, Appz. B. 14.] 

laiia, T. G. ; Waahington, -78 

Verslag aan den Koning, '78— 'T5 

Heemakerk ; The Hagne, '76 

Hydranlic £x]3eriments at Roorkee, '74—76 

[Profl. Papers on Indian Bngng. Vol. IV. of '75, Ko. 18A1. 

Cunningham, A. ; Roorkee^ '75 
Report on the Irrawaddi River, 

■ Part nL, Hydranlics of the Irrawaddi, '69— '79 

■ Part rV., Hydraulic Works connected with the 

Nawoon River, 73—78 

Gordon, R. ; Rangoon, '7»-'80 



Boilean's 
Ezpts. 

Lowell EzptSi 
Darcy Ezpts. 



Baadn Ezpts. 

Rhine Gonun. 

Lake River 
Ezpts. 

R^vy Ezpts. 
Elbe Ezpts. 



Report of 75. 

Connecticut 
Report of '75* 



Connecticut 
Report of '78. 



[Not quoted]. 
1874-5 Report. 



Irrawaddi* 
Report of '79. 

N a w o o n 
Report. 
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16 CHAP. I.-^-INTHODUCTIOH. 

List II. — Other Worh9 on Hydraulics most conmlted. 



TiTLB, Aafhor, Place and Date of pabUeatbui. 



Short Title. 






Report on the Ganges Canal Works, 

Oantlflj, P. T. ; London, '60 

Etndes thtoriqnes et pratiques snr le mon^ement des eaax, 

Dnpnit,J. ; Paila^'tt 

Motion of Water in Canals, (Transl. of French Acad, of ScL Report 

on Bazin's Open Channels), ., 

[Profl. Papers on Ind. Bngng. VoL V of '68, p. 973]. 

Anderson, J. a ; fioorkee, '68 

On the Steady Flow of a liquid, 

[Lend., Idlnn and Dublin PhU.Maga.Vo;.XIiII of '71, pp. 184 & 849; Vol. 
ZLIY of '7S, p. 80]. Mofld^. H. ; I<ondon, '71, '7t 

Fragment containing a Discnssion of a New Formnla for the Flow 

of Water in Open Channels, 

Gordon, B. ; Milan, '78 

Ganging of RiTers, ... 

[Franklin InaU Jtmm^ Vol. LXV of '78, pp. 805 & 883 ; VoL LZVI of '78, 

p. 84]. Abbot, H.L.; FbUadelphia, '78 

Discnssion des Experiences les pins r^eentes snr la distribution des 

▼itesses dans un courant, 

C Annalfls des Ponta et Chanasto, Vol. X of '76, p. 809, Basin, H. ; Paris, '76 
•Dd Frofl.Papenon Ind. Bngng., Tol. YI of '77, p. 86, (tranal.)] 

Oanningham, A«; Boorkse, '77 

Hydnudifi Aiannal and Statistics, ••• 

Jaokaon, L. D'A. ; London, '76 

On RiTer Ganging and the Donble Float, 

[Van aroriarand's Bolaotio Bngng. Maga., Vol. Xin, p. 99], 

Bobinson, S. W. ; New Yoric, '76 

The New Formula for Mean Velocity of Discharge of Rivers and 
Channels, ••• ••• .•• ••. ... 

Kotter, W. B., tranaL by Jackson, L. D'A. ; ' London, '76 
Recent Experiments in the Flow of Water in Rivers and Canals, 
[Van Noatrand'a BdecUo Engng. Maga., YoL XYI, p. 691]. 

Bomemann, K« B. ; Tranal. Anon. ; New York, '77 

Canal and Culvert Tables, 

Jaokion, L. D'A. ; London, '78 

Professional Papers on Indian Engineering, 

Yarioos, Boorkee 

Van Nostrand's Eclectic Engineering Magazine, 

Various, New York 



Ganges Canal 
Report 

Dupnit '8 
Studies. 

Anderson's 
Motion of 
water. 



M oselej 'a 
Steady Flow. 

Gordon's 
New Formula. 

Abbot's River 
Gauging. 

Basin's 
"Discussion". 



Jackson's 
Manual. 

Robinson's 
River Gaug^ 
ing. 

Entter's New 
Formula. 

Bomemann ' s 
Review. 



Jackson's 
Tables. 

ProlPapersoQ 
Ind. Engng. 

Van Nos-" 
trand's Maga. 
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CHAPTER II. 
fflSTORT. 

fV^oM^Tbe readflr who is not interatod in tbe History of this Work ahoald read only Art* 
1. », «• ». 

1. Origination. — ^The Design of this Work was conceiyed by the 
author when an Assistant Principal in the Thomason G. E. College.* 

It appeared to him that there was a great opportunity ready to hand 
in the presence of a grand Canal — the Ganges Canal— close by, requiring 
only a moderate Expenditnre in Establbhment and Plant for conduct* 
ing the actual Experiment, if proper superintendence were continuously 
awilalle. Accordingly he proposed to Qoyemment a small scheme for 
Experiments, and rolunteered to snperiatend«it himself (in addition to 
his College work:) this scheme was subsequently extended from time 
to time, according as appeared possible, t. «., within what seemed likely 
to receive sanction. 

2. Field-work, Histobt. — The next few Articles (2a— e) are devot* 
ed to a brief History of the Field-work, lasting in all about 4 years. 
An Abstract of the Cost will be given in Chap. XXYII. 

2a. Preliminary Experiments,^On\j a small grant of money (Bs. 1,750) was 
asked for in the first instance for Experiments in the cold weather of 1874-75. 

A singlef Field-party was made up : Field-work was begnnon 9-12-'74, and carried 
on almost daily, till the 15-4-'75, soon after which the Staff was broken np. The 
first month was employed in learning how to Experiment The remaining three 
months were devoted to systematic velocity-work, riz. — 
1^ CompariBon of Donble-Floats, (3 patterns.) 
2«>. Central Vertical Velocity-Cnrve Work. 
2P. Compariflon of Bod-velocity with Mean Velocity past a vertical (given by 

Donble-Floats)— done along with Ko. 2^. 
4®, Surface Velocity Curve Work. 
6*. Mean Velocity Curve Work. 
The Field-work of this season was confined to thej SoUni Sites, and chiefly to 
the SoUnf Twin Aqueducts. 

• At Boorkee^ N. W. P., India. 

t A Field-party oonslBted of 2 Bnropean Obserrent, and 9 to 18 native petty employ^. 

% For deicription of Bites, ue Chap. HI. 
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An Acconnt* of these Experiments was published in Jnly 1875 ; so far as then 
known this Report was final 

[The details of most of the Experiments of that Report hare been reprinted for 
completeness' sake in the present Work]. 

2b, Season 1876-76.— The Account of the 1874-6 Field-work was soveryfayor- 
abl J noticedf by both British and Foreign Hydraalicians, that the aathor was encour- 
aged to apply for a farther grant of Rs. 3,000 for the cold season of 1876-76. 

A single Field-party was again made up : the Field-work was begun in December '75, 
and carried on almost daily through the cold weather. The work done was of the 
same nature as before (Nos. 2°, 3®, 4°, 6**), but was extended to embrace— 

2*^0, Non-Central Vertical Velocity-Curve work in Sol&nf Right Aqueduct ; 
and was confined as before to the SoUni Sites. 

As the season advanced, it became evident that in an ordinary cold weather only a 
small Rakqb of water-level and of the External Conditions could be expected at any 
one Site, and that consequently Conclusions of only limited value could be expected. 
As the Work progressed, the advantage to be obtained from carrying it on continuous- 
ly through a whole hot weather and rainy season so as to obtain Field-work at the 
extreme stages of high water-level (which is common in the hot weather), and of low 
water-level (which occurs for a short time in the rainy season) became increasingly 
evident 

2c. Season 1876-77.— The advisability of carrying on the Work continuously 
without breaking up the Staff at the end of the cold season of 1876-76 as before in. 
tended was accordingly urged on Government, and a further grant of Rs. 5,500 for 
the whole year^ 1876-77 was obtained. The Field-work was accordingly carried on 
continuously with a single Field-party from December 1875 throughout this year 
1876-77. 

The Work done was of the same nature as before, but was extended to embrace the 
following descriptions of Work :— 

Nos. 2®, 2^a, 3°, 6" at the Sol&nf Embankment Main Site, 

6®, Central Surface Velocity-Measurements along with No. 6**, 
7*, Surface-Slope Measurements along with No. 6^, 
8°, Silt-Measurement, 
9®, Evaporation-Measurement, 
but still confined to the Solani Sites, 

2d. Season 1877-78.— In this year sanction was obtained for a continuance of 
the Experiments for trco years definitely, viz., 1877-78, and 1878-79, with a single 
Field-party. A sum of Rs. 6,000 (afterwards increased by Rs. 1,660) was allowed for 
the first year 1877-78. The Work done was chiefiy of the kinds Nos, 6®, 6®, 7" ; a 
little only of the kinds Nos. 2®, 2?a, 8*, 4® being done to complete work of these kinds 
previously begun, and all at the Sol&nf Sites. 

• "Hydraulic Bxpcrlments at Roorkee, 1874.76". 

f 5m " Pioneer" Newspaper of l5-10-'76, pub. at Allahabad ; 
„ "Engineering" of Sl-12-75. and 7-l-'76; 

„ Van Noftrand's Eclectic Engineering Maga* of May and June '76, pp. 479, 642 ; 
„ Comptes Rendus (of French Acad, of Science) of July '76, p. 189 ; 
besideB which, letters were received from Mr. H. Basin, Genl. T. Ellis, and Mr* B. Gordon, (the hy- 
draalicians) encouraging the author to continue the work. 

X The Indian financial year begins on Ist April ; thds the financial year 1876-77 lasts from 1-4-^6 
to 81.3-'77, 
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Earlj in 1878 the aathor propoBsd the adyisabilitj of carefully testing the sjBtem 
of Discharge-Measarement adopted, by haring »imultaneou$ Discharge-MeasorementB 
taken at di£Perent Sites. Government provided a second Field-party for this special 
-work in Feby. '78 : this work was begun in March, and will be found described in 
Chap. XXI. A new Site was taken up at the 15th Milestone for this work. 

2e. Season 1878-79. — The Test-work above-mentioned was carried on into May, 
after which the second Field-party was broken up. The ordinary Field-work, Nos. 
2®— 7®, was then resumed at the Sol&ni Sites. 

During the Canal closure (of August and September 78) the Fifteenth Mile Site 
was entirely remodelled in anticipation of work to be done there in the coming eold 
weather. 

Meanwhile the author proposed the advisability of testing the system of Discharge* 
Measurement adopted on a yet larger scale by simultaneous Discharge-Measurements 
above and below the fork of a large Branch Canal (near Jaolf ). Government provided 
two extra Field-parties for this purpose in November 78 ; this Test-work was car- 
ried out in January— March 79. This and some other Test-work done by them at 
the Roorkee Sites is described in Chap. XXI. 

A largely increased grant (upwards of Rs. 8,000 in all) was given for this year's 
work. All the Field-parties were broken up, and the Field-work entirely closed in 
April 1879. 

8. Duration of Pield-work.— It will be seen that the Field-work was 
carried on with a single Field-party at first for 4 months only (Deer. 74 
to March 76), and then almost continuotisly for 3J years (Deer. 75 
to April 79) ; also that during part of this time there were two or three 
Field-parties at work, viz. — 

2 from Feby. to May 78 ; 3 from No^T. 78 to April 79, 
80 that the Fibld-work may be said to have lasted pretty well 4 years. 
Thns these Experiments are amongst the most extensive ever undertaken. 

[In this whole period there were only a few intermissions of Field-work of from a 
few days to a month, caused partly by stress of weather, partly by sickness of the 
Observers, partly by the interruption attending the changes of Observers]. 

4. Observer Staff. — The whole of the more important field-observa- 
tions of the Experiments, such as — 

1**. Accurate determination of water-level. 

2". Accurate laying out of the standard (oO') « Run ", (Chap. IV, 22.) 

8^. Use of special Instruments, (0.^., (/'hronometer, Anemometer, Cnrrent-meter, 

Thermometer, &c). 

4^. Use of delicate Surveying Instruments, (e.g,, Spirit Level and Theodolite) 

was done entirely by thoroughly trained European Observers. 

The regular " Observers " were all Overseers or ex-Overseers of the 

Indian P. W. Dept., and had, therefore, already a practical knowledge 

of surveying. In all the special hydraulic work (such as 1^, 2^), and use 

of the special Instruments (8*), the Observers were in every case either 
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trained by the author himBelf, or by one of the preyionsly trained Obser- 
yers, (and were in this case examined thoroaghly by the author himself 
before being passed as " Obseryers " :) the author also satisfied himself 
as to the efficiency of each Obseryer in the use of the Buryeying Instru- 
ments before accepting any work from him. 

[In a few cases, when from any canse an extra Obseryer was wanted, the author 
himself acted as an "Observer". In one special Experiment (Chap. VILI) serenil 
of the Staff and Stndents of the Thomaaon C. E. College assisted as ** Observers " ; 
thej were all instracted in their special wprk by the author himsell With these 
exceptions the systematic field-obsenrations were done entirely by the Staff of 
Observers]. 

The " Obseryers " were all either Oyerseers detailed to the work by the 
Indian Public Works Department, or Non-Commissioned Officers lent 
from the Bengal Sappers and Miners, or men out of employ, as shown 
below. 

[The distingnishing <' Initial" in this and following Tables is the "Initial" by 
which the several Observers are distingnished thronghont the large Tables]. 







1 


* DATS OV 


"W 




No. 


Name. 




>h 


Bemarkfl. 




■ 


1 


Joining. Leaving. 


sf 


rffdo.iD«ttg"gx»te"j 












T.M. 
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Sergt J. Warbnrton, R.A., 
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9-12-74 
5-12-76 


10-5-76 
28-8-77 


2-l| 


1st gde. Overseer, & 2nd 
gde. Supervisor, P. W. D. 
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CorpLH. Bowe,U.E., ... 
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10-12-76 


20-4-76 


0-44 


lent from the Bengal Sap- 
pers & Miners. 
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Mr. A. Hall, 
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20-11-75 


12-12-76 


1-Of 


an ex-Overseer of P.W D. 
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Sergt. W. Porters, B.B., ... 
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18-9-76 


24-1-81 


4-4* 


1st gde. Overseer, P. W.D. 
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Corpl. G. Grey, B.K, ... 
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10-9-77 


81-6-78 


0-71 


lent from the Bengal Sap- 
pers & Miners. 


6 


Sergt, J. Tner, 
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1-6-78 


0-8i 


1st gde.Overseer,P.W.D. 
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Sergt G. Reynolds, R.B., 
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1-04 


iBt „ „ „ 
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Ist „ 


9 


Mr. J. Andrews, 
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2nd ;, „ 
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Mr. C. P. Smith, 
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1-6-79 


0-5} 


2nd „ „ „ 
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Mr. J. Callaghan, 
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9-12-78 


1-6-79 


0-41 


iBt ,, ,, ,, 


12 


Sergt J. Bell, 


B 


8-2-79 


1^79 


0-8 1st „ 



[Besides the above, two more men (Mr. J. Chapman, and Mr. G. 8. Henry), both ex- 
Overseers of the P. W. D., were trained as Observers, one in Angost 1877, and one in 
March 1878, to fill existing yacandee, bnt were discharged at their own request 
before they were fully trained]. 

The only satisfactory mode of proyision proved to be the obtaining 
Orerseers from the P. W. D., as they were the only men whose services 
codd be depended on. The men from the Sappers and Miners were lent 
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cm too precsrions a tenure, being liable to endden remoral for r^imental 
duty : this liability led in one ease (that of Gorpl. Grey) to yery eerioua 
inoonyenienoe, as will appear hereafter (Ohap. XXI). The entertain- 
ment of men oat of employ proyed also yery unsatisfactory. 

The changes of '' Obseryers " were of course yery disadyantageous 
to the Work, as the new-comers often inyolyed a loss of nearly a fort- 
night — (occupied in instruotion)— of useful Field-work, and the out-goer 
had always to sacrifice Field-work to completing the *^ preliminary reduc- 
tions " (Art 7) of his own work. The actual changes were, boweyer, not 
80 frequent as might appear at first sight, as new-comers joining about 
same time (e.^., Nos. 6, 7 ; also Nos. 8, 9, 10) were of course instructed 
together. 

The Obseryers always worked in pairs, two in each Field-party, ac- 
cording to the following scheme. It will be seen that there was anl$f one 
change of the Senior (the most responsible) of the Obseryer Staff, yiz., 

Sergt Warbnrton replaced by Sergt Fortere in Angnst 77 ; 
and as these two had worked together for nearly a year preyious to the 
change, there was a certain continuity of system in petty details run- 
ning through the whole work. 



n 



FIBIOD. 



I'i 



fiS* 






Much "78 

to 
May 78. 






Dear.TStoApdl'TS. 



Kmnbor of I wa j 
Field-Parly, f "* 



No.l. 



No. I. 



Ho i. Vo. 1. Hok U. Koai. 



No. 1. Na U. No.iU. 



No. It. 



InitiaL 



I 



\i^ 



II 



\iti 



5- 



^ 



^ti 



p«o 



it 



»«d 



^6 



fid 

I 
I" 

If 

OQOQ 



p;(4 



II 

If 



1^^ 



I 

^1 



i; 



i 



A<£ 



4 



■so 



5. Saperintendeuce,— The Work, origiaated by the author as ex- 
plained, was executed from first to last under his own superintendence. 
The whole of the experimental details were arranged by him, and 
closely watchedby him from first to last. Similarly the Beduction and 
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Publication were carried out under his own eye. Thus the Work has 
had the advantage of continuity of superintendence throughout. 

[From the beginnlDg in 1874 to December 1878 the Field-work lay close to Roorkee, 
and could be watched by the author in addition to his current duties in Ck>llege. Dur- 
ing the short period when the Work was greatly enlarged by the formation of three 
Field-parties (Novr. '78 to April '79) arrangements were made to free the aathor en- 
tirely from College work ; so that his whole time was then given to their close sn« 
perintendence. Again, daring the first six months' (following the closure of the Field- 
work) of the Reduction of the Experiments, the author was relieved of great part of 
his Ck>l]ege work, and thereby enabled to devote most of his time to the heavy work 
of Reduction. With the above exceptions, (i.e., Novr. '78 to Oct. '79), the work of 
superintendence was done by the autiior in addition to his Collepe work"], 

6. DesigAd — The Work will be seen to have begun from small begin- 
nings, and to have gradually expanded in scope and importance as time 
went on. Thus it was not a Work originally planned out as a definite 
large scheme. This was a decided disadvantage. But it was a disadvan- 
tage inseparable from the mode of origination, design, and execution of 
the work by a comparatively junior officer single- handed) feeling it neces- 
sary to ask for funds from year to year according to tbe encouragement 
received. 

7. Beduetion. — A certain amount of primary Redaction of the Ex- 
perimental data, viz., 

V*. Computation of Wet Borders, Areas, Hydraulic Mean Depths, &e., 

2^. Computation of Surface-Falls, Surface-Slopes, Products 100 VKS &c., 

9P. Computation of Velocities, Discharges, Mean Velocities, &c., * 

4^ Tabulation of related data of daily work, &c, 

&*. Miscellaneous Reductions, 

was regularly done by the Observer Staff; each Field-party carrying out 
finally the primary Reductions above of its own Field-work. After the 
closure of the Field-work in April '79, the collation of this vast mass of 
primary Results, and Reduction thereof to some useful form, had to be 
done. The two oldest hands of the Observer Staff (Sergts. W. Porters 
and G. Reynolds) were retained as a <' Computing Staff" for this pur- 
pose. As the Redaction proceeded, the Results were gradually prepared 
in the form of Tables and Plates for the Press. At the same time the 
Text was gradually written up. 

[Nearly all the Tables were prepared by the Computing Staff ;--the whole of the 
Plates were drawn by the author himself]. 

8. Pablication. — After 6 months' work of Reduction as above, the 
Tables and Plates were so far advanced (about half finished in MS.) 
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that it seemed advisable to begin their publication at once without wait- 
ing for the completion of the whole Set ; the first batch was accordingly 
handed over to the Press* in Nov. 79. From that time the passing of 
the Tables and Plates through the Press went on pari passu with the 
Reduction *and Preparation for Press, as before. In February 1880 this 
part of the work was so far adyanced that it was found possible to dis- 
pense with one of the Computers (Sergt. Eeynolds). The other (Sergt. 
Porters) was retained till the close thereof in December 1880. 

Thus the Reduction and Preparation for Press covered 20 months, 
(May 79 to December '80), including^ however, the Pablicationf of the 
very heavy Tables and Plates. 

[The practical adrantage gained by this mode of gradual Pablication proceeding 
along with the farther Preparation of Kesalts was very great in saving both of time 
and expense. As a matter of fact, the two Works of Redaction and Pablication 
hardly interfered with each other at all, each actoally proceeding nearly as fast as it 
could baye, had the other not been undertaken along with it, and neither singly being 
sufficient to occupy the whole time of the Computing Staff : so that had the Publi- 
cation been delayed till the whole of the MS. was readj, a delay of nearly a year 
(involying of course the salaries of the Computing Staff as Checkers) would have 
ensued. Many other minor advantages accrued. The only disadvantage entailed is 
that the actual sequence of the Tables and Plates (published as they were got ready) 
is not always the best ; but this is after all a trifling matter]. 

9. Financial BiflSculty.— The times in which this Work was done 
were peculiarly unfavorable to the ready provision of funds for it. The 
great famines in Bengal in 1873-74, in Bombay in 1877, and in Madras 
in 1877 & 78, followed by the Afghan War 1878-80, caused a continued 
pressure on the resources of the country, which made the provision of 
Fands for works not of pressing necessity almost impossible after the 
midjdle of 1877. From that time forward, the author felt the asking for 
funds to be a difficult matter. 

10. ServiceB of ObserverB.— The work both in Field and in OflBce was very 
monotonous, requiring chiefly great patience and attention, and sometimes consider- 
able exposure under the Indian sun. 

It is due to the Observer Staff to record that they one and all accepted the work 
in the proper spirit, and carried out their share cheerfully. The chief credit of the 
success of the actual Experiment is undoubtedly duo to the energy and ability of the 
two Senior Observers— 

Sergt Warburton, Deer. 74— Aug. 77 ; Sergt Porters, Sepr. 77— April 79. 

Many useful hints as to details of the experimental work are due to them. 

• The Tbomoaon 0. E. College Prea. t The pablication of the Text begin in Deer. '80. 
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After the closnn of the Field-work, Sergt Porters remained on as Chief Compnter 
until the doee of the Redaction and Pablication of Tables and Plates in Deer. '80. 
To his intelligent revision of the whole Work (Tables and Plates as they passed 
throngh the Press, and Text in MS.) many nsefnl detuls are due, and also mnch of 
the general appearance and arrangement of both Tables and Plates. 

11. Acknowledgments. — ^The thanks of the author are dde to many 
officers for much help received in the coarse of this Work, and especial- 
ly to— 

1^. Mr. B. Gordon (anthor of the Irrawaddi Experts.) for the loan of several 
Works on Hydraolics, and of his own translations of portions of them ; 
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periments. 
8^. lient J. H. G. Harrison, R.E., for checking parts of the mathematical 
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4^ Capts. J. H. Western, R.E., and B. P. Tickell, B.R, (ExecntiTC Engineers, 

Northern Division, Ganges Canal), for much ready assistance. 
&*, Bffr. A. Campbell, (Snpdt, Boorkee Workshops,) for mach assistance and 

advice. 
6^ Mr. C C. Anderson, Qai» Chief Engr. of Irrign., N. W. P.,) for his warm in- 
terest in the Work, especially for rendering possible the important Test of 
the process of Discharge-measnrement described in Chap. XXL by placing 
the services of 5 Overseers at the author's disposal. 
7^ Majors A. M. Lang, RE., and A. M. Brandreth, R.E., Principals of the 
Thomason C. E. College, for mnch kindly interest in the Work, and especi- 
ally for permitting the anthor to conduct it in addition to his College 
duties, (without which permission it ooold not have been done at all) 
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CHAPTER III. 
SITES. 

Pre/oce.— ThlB Chapter contalnB a detailed description of the Bxperimental Sites. The reader 
who la not interested in such detail should pan oyer Art. 8, 10a, 10b, 11, 12b, 12c, & 14—17; and 
refer back as occasion reqaiies hereafter. 

1. Ganges OanaL — The Ganges Canal — so called because it derves 
its water from the Ganges — is the largest Canal in Northern India. 
It is about 350 miles long from its head near Hardw^r, (where the 
Ganges breaks from the great hills of Northern India into the plains,) to 
its outfall at Cawnpore. In its upptr portion it is about 190^ wide and 10' 
deep, and discharges about 7000 cubic feet per second at full supply : it 
decreases gradually in breadth and depth, and volume of discharge — as it 
parts with water for irrigation — towards its outfall. It gives off at every 
few miles small Irrigation Channels — technically called Distributaries 
— of from 20' wide and under, and in a few places gives off large Bbamches 
of 70' wide and under, which are themselves fair sized Canals. 

la. Canal Ekachbs. — The slope of the country along the line of 
the Canal is generally too great for the Bed-slope of a Canal in soil 
abounding with sand. The Canal is accordingly broken up into Reaches 
on a gentler bed-slope than that of the country, by a series of Masonry 
Falls. In what follows the portion of Canal between any two adjacent 
considerable sources of disturbance, such as Eegulatinq Works or 
Falls, will be called for shortness a Beach. It is clear that each such 
Beach is a portion of the Canal quite distinct from the rest, and which 
may be considered as to all its circumstances of supply at the head, bed- 
slope, withdrawal at the tail, &c., quite apart from the rest. 

lb. Favorable Jot ExperimenU — From the great size and large vol- 
ume of Discbarge of the Main Canal near the head, and from the great 
variety in size, depth, and volume of discharge of its Branches and Dis- 
tributaries, and fi-om its abounding in long, tolerably uniform, straight 
Beaches, it affords an eminently suitable opportunity for Hydraulic Ex- 
periments both on the large and small scale. 

2. Experimental Beaches and Sites.— A brief description of the 
Bites at which the Experiments were performed, and of the Beaches 
in which they lie, is given in the Table on next page. 
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Of these Sites, the principal, t. «., those at which the hulk of the sya- 
tematic Experiment was done, and at which also by far the greatest 
Eange of External Conditions (and, therefore, also of Results) was ob- 
tained, were the two following Sol^nf Sites : — 

SoUni Embankment Main Site, and Solinf Right Aqaednct Site. 
The Soldni Left Aqueduct was used for systematic work for a few 
months only (in 1874-5). An important Series of three months' Experi- 
ments were done at the three Lower Sites, (all in earthen channels,) yiz., — 

Belra, Jaolf and Eamhera Sites, — 
simultaneously ; important chiefly as supplying a Test of the Method of 
Discharge-Measurement. Experiments were done only occasionally at 
the other Sites, and in general only for some special purpose. A faller 
description will, therefore, be given of the six Sites aboYe-named than 
of the rest. 

8. Beaches, Plans and Lonol. Seotions, (PI. I, & III to VI).— 
Plans and Longitudinal Sections of the four Experimental Reaches, 
(Roorkee, Belra, Jaoli, and Eamhera) are gi?en in Plates I, and III to 
VI, showing — 

1®, positions of the Experimental Sites. 

2**, positions and levels of the Floorings of all Masonry Works, (such as Regula- 
tors, Bridges, Falls, &c.,) and of the raised Crests of all Falls. 
8°, positions and levels of the zeros of all the chief Ganges naed. 
4**, levels of one Datum Line (or Gauge-zero) at each Site. 
5®, rough outline of the Bed, (from levels taken once a jear at every quarter 

mile at mid-channel.) 
6^, highest* water-level, plotted from water-levels (which are figured on the 

Sections) taken at most of the Gauges and Experimental Bites. 
[The outline of Bed— No. 5^ above — does not pretend to be anything more than 
a rough outline : the Bed is so rough that it has no really defined level]. 
BeaUi, The Plans and Longitudinal Sections are all on the same horizontal 
scale of 1 mile to an inch, except the General Plan (PL III) of the Belra, Jaolf and 
Kamhera Reaches, which is on a scale of If miles to an inch : the vertical scale of all 
the Longitudinal Sections is 10 feet to an inch. 

Mileage, In what follows, both in the Text and Plates, milestones in the Main 
Canal are numbered from the Head-works of the Canal at Mai&pur (near Hardw&r), 
and those in the Anupshahr Branch from the Head-works of the Branch near JaolL 
4. High Bbd- Slops, 8ooub. — The only pennanent levels in the Bed 
of each Beach are the floorings of the permanent masonry works, (Re- 
gulators, Bridges, Falls, &c.) The Bed of the Canal was originally 
laid out at a uniform slope between these. But this Bed-slope— about 

* Tho highest water-level reached in actual practice. 
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15" to a mile near Roorkee — gave rise to snch a high carrent (ia the 
Maiu Canal) as to cause great scour of the earthen bed and banks, (t.e., 
of all parts not protected by, or defined by, masonry.) 

[This is well seen in the Longitudinal Sections of the Main Canal (PI. I, IV, V) i 
the outline of the Bed will be seen to be deeply hollowed out between each of the 
permanent masonry floorings, which are, therefore, generally high points in the outline. 
On the other hand heavy silting is shown in the Annpshahr Branch Canal, especial- 
ly in the upper part (^»ee PI. VI, 2): but this was due to the channel having been 
widened out in 1877 (the year before) with the effect of a redaction of yelodty 
through it 

The original Bed-Slope, now often called the ** Theoretical Bed ", is shown by a 
clear black line in all the Longitudinal Sections]. 

In order to diminish in part the effects of this scour, the crests of 
all the Falls were raised several feet at varioas dates after 1863 ; so 
that all the Falls are now Obstructed Falls. Although these raised 
crests have no doubt diminished the velocity in the neighborhood of the 
Falls, they have not caused any considerable silting up just above them, 
(see the Longl. Sections, PI. I, IV, V, VI.) 

[As the Canal water is often heavily charged with Silt (see Chap. XXIV), and 
generally deposits silt when the current is slack, this is a proof that the water is 
everjvfhere in pretty rapid motion right down to the actual bed, even when that 
bed is much (as much as 5') below the crest of an Obstruction (such as the crest 
of a Fall, or a Bridge-Flooring). This disposes of the idea sometimes advanced 
that an Obstruction (right across a channel) causes a still water pool in the Beach 
above it np to the level of its own crest]. 

6. Variable Supply, and ControL— The requirements of water for 
irrigation being very variable according to the season, and state of the 
weather, the Supply admitted into the Canal is very variable. Again, 
there is very great power of Control at the Tail of each Reach over 
the mode of passage through the Reach of the Supply admitted from 
the Reach above, so that a given Supply may pass quickly (with low 
level), or slowly (with high level), according to the Control at the Tail. 

[Observe that, the terms High Supply, Low Supply refer to the quantity of 
water passing, without reference to water-level, whilst the terms HiOH Water, Low 
Water refer to the water-level without reference to the quantity passing. Thng in 
consequence of the control, 

"High Supply involves High Water, but High Water does not necessarily 

involve High Supply ", (1). 

" Low Water involves Low Supply, but Low Supply does not necessarily involve 
Low Water'' (2).] 

6a. Distributaries. — These take their exit from the Main Channel 
a little above the TaU of each Reach. They can be opened or closed 
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either wholly or partially according as water is required for irrigation. 
The opening and closing of them increases or decreases the size of the 
Debouchure or (sum of the Exits) from the Reach, and thereby lowers or 
raises the water-level near the Tail of the Beach, and at the same time 
increases or decreases both the Surface-slope and velocity for a giren Dis- 
charge passing through the Reach. 

[The quantity withdrawn by the Distribntaries of any one Reach is so small, 
(compared with the full sapply of the Main Channel,) that the above effects are qvite 
trifling when there is Full Supply in the Main Channel ; but they become relatiyely 
important at times of Low Supply, (we Ch. VII, 15c)]. 

5b. CoKTHOL AT Tail. — The Distributaries of any one Reach cannot 
be fully worked except at high water in the main channel, and not at all 
at low water. Means are, therefore, provided at the Falls at the Tail of 
each Reach of maintaining high water (when required) irrespecti?e of the 
Total Snpply of water passing through the Reach. 

The Falls are divided into a number of Bays (usually 8, 9, or 10) by 
masonry Piers. Each Bay separately can be either partially or wholly 
obstructed by lowering wooden Baulks or " Sleepers " (stretching from 
pier to pier) on to the top of the permanent masonry crest of the Fall in 
that Bay, with the eflfect of temporarily raising the crest of that Fall. This 
of course temporarily raises the water-level at the Tail of the Reach| and 
at the same time decreases the surface-slope and velocity for a given Dis- 
charge passing through the Reach. 

[This temporary obstraction is of coarse unnecessary at Fall Supply in the main 
channel. The amount of sach Control possible is very great, being sufficient to 
almost close the Falls (in times of Low Supply), and so force a large portion of the 
whole Supply into the Distributaries leading out from above them : this has occa- 
sionally happened in the Roorkee Beach, when water was wanted for irrigation 
near Roorkee, and not much required below ; see Ch. YII, 15c for examples of 
from one«half to one-fourth of the whole Sapply being forced into the Djstribu* 
taries]. 

6c. Controli Effeot on Expbrimekt. — The great variation hoth of 
Supply at different seasons, and of Control oyer the mode of passage 
through a Reach of a given Supply admitted from above, have enabled 
these Experiments to be done under a very wide '< Range " of Conditions 
(see Tab. 82) in two distinct ways — 

]% under all conditions of supply, from full supply (about 7000 c. ft per sec.) to 

yery trifling supply (about 100 c. ft per sec.) at the same Site, 
2^, with widely different surface-slope and velocity/^ the same water'Uoel ait 
the same Site. 
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This wide " Bange of Oonditions " actaally obtained, m^es these Ex- 
periments very valuable, (compare Chap. I, 13b). 

6. Sites. Ceoss-Sbotions, (Tab. I to IV, & PL II— VL)— The 
AvERAGB Gross- Sections of the Sites— obtained as explained in Chap. 
V, 13— are shown in Tables I to IV. Two of the Average Cross-Sec- 
tions for each Site are shown in Plates II, IV, V, VI, usually those 
obtained at pretty high and pretty low water-level : these show in addi- 
tion to the outline of the Bed — 

1^. The Datum line to which the Watbb-Levels are always referred, (by a 

clear line.) 
2**. The Datum line from which the Cross-Sectiona are plotted, (by a clear 

line.) 
8°. The Level of Bridge-Flooring next below the Experimental Site, (by a 

line in long dashes.) 
4®. The positions of the Soundings (Ch. V, 18) and Float-Courses, (Ch. IV, 19,) 

(by long and short verticala.) 
6*. The level of the Ropes (Ch. IV, 14) used for defining the Run, (Ch. IV, 22,) 
(by the upper dotted line.) 
[No. 1^ is either the Gauge-zero when a Gauge was available, or (in absence of a 
Gauge) either the Original Bed-Level or other convenient LeveL 

No. 2^ either coincides with No. 1^, or else is an arbitrary line at a convenient 
depth below No. 1** (everywhere below the Bed), so that the ** Heights of Bed above 
Datum" of the printed Tables I— IV, may be all positwe quantitiei\. 

6a. Bed unfavorable. — It will be seen that the nniformity of Bed- 
slope laid down in Chap. I, 7, as one of the conditions necessary to a Site 
very favorable for Experiment on Motion of Water under simple condi- 
tions, does not exist now on the Qanges Canal. The scouring out of the ■ 
earthen Bed into a series of hollows, (between the masonry floorings,) and 
the presence of Obstracted Falls, makes it difiScult to select a Site which 
shall not be attended with the disadvantage of being in a hollow, i.e., with 
its Bed depressed below the next Bridge-Flooring, or below the raised 
crest of the Falls at the Tail of the Reach. 

The Experimental Sites of the present Experiments were on the 
whole favorably sitnate as regards the last Conditions, their Beds bebg 
in general — 

1*, not depress^ below the next Bridge-Flooring. 
2^, not depressed below the raised crest of the Falls at Tail of Reach. 
[These Conditions may be gathered from the Cross and Longitudinal Sections, 
thus— 

1^ The level of the Bridge-Flooriog next below each Site is shown on the Ocas- 
S ection by a line in long dashet. 
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2*. The level of the raised crest of the Falls at the Tail of the Reach is carried 
back hj a dotted line to meet the Original Bed-Level (clear line) in the 
Longitudinal Section of the Reach]. 

This last state (2^) is, however, liable to be disturbed by the practice on 
this Canal of temporarily raising the crest of the Falls (in stages of Low 
Supply) by timber baulks, so as to temporarily raise the water-level above 
for irrigation purposes (Art. 5b). 

7. Boorkee Beach, (PI. I.) — The Qanges Canal crosses the B&tmti 
Torrent, ( see Plan, Fig. 1,) by a level crossing at Dhanauri. The Dha- 
DAori Works consist of an Ii^let (on the right bank of the Canal) for 
admitting the Torrent, and a Dam or Escape (on the left bank of the 
Canal) with 57 gates, which serve both to control the escape of the upper 
Canal waters down the Torrent bed at all times, and also to permit the 
escape of the flood waters of the Torrent ; and lastly, of a Begulatob 
or Bridge of 10 arches across the Canal, just below, (and forming in fact 
the right bank of the Torrent,) each arch being furnished with Drop-gates 
for controlling the entry of the upper Canal waters and Torrent waters 
into the lower Canal. 

There is so much power of Control at all times over the water passing 
at Dhanauri, that the lowest of these Works, i.e., the Dhanauri Begulator, 
may be fairly looked on as the Head-Works of the Boorkee Beach. 
From this point the Beach is quite straight for nearly six miles, (see 
Plan,) i.e., to Boorkee Bridge, and after a slight bend (near the 19th 
milestone) is quite straight for 8^ miles more, t. e., to the Asafnagar 
Falls. The upper six mile straight length seems eminently suited for 
Experiments. This length contains three descriptions of channel, each 
containing one or more Experimental Sites, viz.— 

1®. Earthen, (from Head to Mahewar Bridge,) roughly trapezoidal, 2| miles 
long, contains 16th Mile Site. 

2^. Soldni Embankment^ (from Mahewar to Boorkee Bridge.) Clay and bonlder 
bed, with banks of masonry steps, 2} miles long, contains the Solinf Em- 
bankment (Main and Minor) Sites. 

8^. Soldni Aqueduct, twin rectangular masonry channels 932^ long, containing 
the Sol&ni Twin Aqaeduct Sites. 

A general description of the Boorkee Beach showing the nature and 
cross-section of the channel at different parts, the positions of the Ex- 
perimental Sites, and the levels of all important points, is given in the 
Table on next page. 
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The Longitudinal Section (PI. I, 2) shows the (rough) outline of 
the Bed in four dififerent years 1875 — 78, as determined by levels taken 
once a year along the centre line of the Bed at every quarter-mile. The 
Highest Water-Level Line (of canal practice) shown is determined by 
Headings taken at the Head-Gauge, at three Experimental Sites (as 
shown, on Plate), and at the Tail-Gauge of the Reach. 

The Sites will now be described in detail in the order (quoted above) 
in which they are situate, beginning from above. 

8. Fifteenth Mile Sites, (Earthen Channel, PI. II, 1).— Very little 
systematic Experiment (only 17 Discharge-measurements in all) was done 
at these Sites, so that they are of minor importance. 

Old Site, This Site (i.«., its centre Cross-Section) was at the 15th mile- 
stone. A few (13) Discharge-measurements were made at it between March and 
May 1878, for comparison with Discharge-measurements made at same time at the 
principal (Sol&ni Embankment and Aqueduct) Sites lower down. The Site was not 
well suited for the purpose, its bed being very rough, no preparation being possible 
at the time : it was selected there only as being about the best available at the time. 

• The Great Trigonometrical Survey (Q. T. S.) Datum is Moan Sea Level at Eu&cbi. 
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Nbw Site, In the expectation of farther tygtemaiic Experiment helng done at 
this Site in the cold weather of 1878-79, the Site was specially prepared during 
the Canal-closare of 1878, hy levelling and smoothing the bed for a length of 400', 
and bj dressing both banks to a ronghly uniform slope throughout the same length. 
The alteration effected was so great, that the Site became practically a liew Site 
(see PI. II, 1; the New Site is shown by the dotted line). 

[The centre Cross-Section of the Site was also transferred 80^ above the 15th 
milestone to avoid a masonry drain which was found to interfere with the running 
of the Floats used, in oonsequenoe of its projecting somewhat from the bank (after 
the alterations)]. 

Only 4 Dischaige-measuiements were made after all at this Site, (in consequence 
of more important work engaging the Staff elsewhere.) 

Cross'Sections, The Average Cro6S*Sections obtained as described in Gh. Y, 13, 
and taken as follows :— 

Old Site, 28-8-'78, and 81-5.'78 ; New Site, 16-]2.'78, and 28-4-'79, 
are shown in Table I, and one of each is also shown in Plate II, Fig, 1, viz.. 
Old Site, 28-3-78 by a clear line ; New Site, 16-12-78 by a dotted line. 

Water^Zevel, There was no (permanent) Gauge at either Site : the Water-Level 
was determined always by one of the Temporary Modes described in Ch. V, 4, 7. 

Bed- Level. It will be seen (PI. II, 1) that a part, about 50' in width of the Bed of 
the Old Site (clear line) was below the level of the Floor of the Bridge (at Mahewar) 
next below the Site (shown by a line of long dashes) : whilst the Bed of the New Site 
(dotted line) was wholly above that level. Thus the New Site was favorably, and the 
Old Site was somewhat unfavorably, situate. 

9. Solani Embankment, (PI. I, & II, 2).— -The Ganges Canal is 
carried across the valley of the Sol&ni Riyer here abont 2| miles wide, 
(i.e., from Mahewar Bridge to Roork^e Bridge,) in a lofty earthen em- 
bankment — the Solani Ekbamkmknt — which is about 2f miles long, 242' 
wide at top, and 317' wide at base : the cross-section of the Banks is 
pretty uniform (PL II, 2) for a length of 1| miles, (from a little below 
Mahewar Bridge to the SoUni Aqueduct- Approach,") and again for a 
length of ^ mile, (from the Sol&ni Aqueduct-Exit to Roorkee Bridge.) 

The Banks throughout these lengths consist of 12 masonry Steps plas- 
tered with fine plaster; the lowest (or 12th) step* of H Rise, (above the 
original bed-level,) and the remaining 11 steps of about 9' Rise each, and 
all of 14' Tread, {see PL II, 2.) 

[The plaster is in many places now worn away ; and the Steps, which were origin- 
ally on a uniform slope, have sunk a little in many places, and are even broken 
away in a few places, so that the original strict uniformity of the Banks no longer 
exists : but they may still be said to be pretty uniform throughout]. 

The Bed between the (lowest) 4' Steps is 150' wide throughout. It 
Tras made of clay, and was (originally) laid out on a uniform slope : but 

* This 4' Biae of the lowest Step is elsewhere— for sbortnen^termed the 4' ** drop-wAll.*' 

W 
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hftylng been mncli eroded bj the carrent, it lifts been pratected from far- 
ther scour by brick and boulder bars at frequent intervals. The Result 
is that the Bed is now very irregular throughout, (see PI. I, 2, & II, 2.) 

9a. fiolani Embankment Sites, (PI. II, 2 ; & XXVIII).--.Experi- 
ments were made at three different Bites (viz., one Main and two Minor 
Sites) within the above-mentioned unbroken length of 1| miles, of which 
a detailed description is given below. 

Water-Zevel There is no Gauge at anj of the Sites : the Free Water-Level was 
in all cases foatid by the Temporary Amngement described in Ch. V, 7* The general 
nniformitj of the steps admitted of this being dons with gr$at accvtaejf, as the water 
slips bj very quietly. 

Bed-Level, It will be seen that the Bed {iee PI. II, 2 ; & XXYIII) is a good 
deal scoured out below the original bed-level (shown by a clear line), and also a good 
deal hollowed out on both Hdet of the centre, 

[This is possibly in part due to the obstruction of the Central Pier of the Sol&nf 
Aqueduct (about i mile below the Minor, and nearly I mile below the Main, Sites, $ee 
PI. 1, 1) causing the current to be somewhat slower about mid-channel (eee any of the 
Velocity-Curves, PI. XXVIII ; & XXXIV to XXXVI) than on either side of mid- 
channel— an unusual condition— and thus admitting of greater scour on either side 
of mid-channel than at the centre]. 

10. SoLAKi Embankment Main Sits (PI. II, 2).— One of the principal Ex- 
perimental Sites (i.d., one at which much aystematie Experiment was done) was 
situate ahovt tht middle of the above-mentioned l|-mile unbroken length of the 
SoUni Embankment, (about 1| miles below Mahewar Bridge, and 1 nile above the 
SoUnf A queduct Central Pier, which are at the head and foot of this nnbroken length,) 
see Plan (PI. I, 1). This Site will sometimes be called for shortness simply the 
Embankment Sitb. 

The Site was selected with some care in 1876, as having as regular a bed— as far 
as could be ascertained by extensive soundings— as conld be found in the neighbor- 
hood* 

Bed-Level A reference to either the Longitudinal or Cross-Sections (PL I, 2, & 
11, 2), will show that the Bed is only very slightly helom the level of the masonry 
flooring next below, (the SoUn( Aqueduct Floor.) This shows that the Sirs was 
well chosen, t.e., not situated in a sensible h(^low, (a somewhat difficult condition to 
fulfil (Art. 6a). 

Croaa- Sections, The Sections shown throughout the Plates (II, 2 & XXXIV- 
XXXVI) for this Site are those given by the Soundings of ]o-8-'76 (clear line), and 
13-ll-'78 (dotted line), see Art. lOa, b. 

10a. ^^i^o Tears (1876—8) Constant Bed, — Most of the systematic Experiment 
at this Site was done within the two year period from August 76 to August 78 ; 
the Canal was kept constantly running throcghont this period, so that no oousiderable 
siltiDg up* of the Site could occur during that time $ also the Bed, being here pro- 
tected (as above-mentioned) by brick and boulder bars, is not liable to much scour. 
Thus the Bed at this Site would be pretty constant throughout that time. It was, there- 

* There were two short intenraU of slack water (in October 1877 and July 1878}, bat it was not 
thought worth while to lepeat the soandings. 
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fon, oonsiderod imnecessary to asoertidn the figure of (he Bed at frequent interyfOs, 
ag would haye been necessary in an unprotected earthen channel* The Cross-section 
was accordingly taken only twice in that period, viz. — 

1^ On l5-8-'76y under very favorable circumstances, vis., when the water was 

low, (about S'i deep,) and the current consequently slack. 
2^ Again on 4<6-'78 under unfavorable circumstances, in deep (110 water, and 
in a swift current 

The Results of these Soundings are shown in Table I (referred to a common datum), 
and will be seen to be closely alike, (as close as can be expected in such a rough 
bed.) 

10b. ^^d variable ajter August '7d.->The Canal was closed for repairs in August 
1878 ; shortly after its re-opening fresh Soundings were taken (on 28-9-'78), and as con- 
siderable silting up was found to have taken place-^in consequence of course of the 
slack water— the Soundiugs were taken at short intervals, (thrice in all,) viz.— 

on gS-S-^S, 18-11-78, and 16-12-78. 
{.«., whenever Field-work wa$ being done at thie Site, The Results are shown, 
referred to the common datum, in Table L It will be seen that the Silt was gradually 
scoured away, until about Deer. 78 the Bed was nearly in the same state as before. 

1 1. SoiiANi Embankjient Minob Sites, (PI. XXVUI).— A few Experiments 
(on Surface- Velocity Curves only) were done at two Sites within the above-mention- 
ed ]| mile unbroken length of the Sol&nf Embankment, about half-way between tiie 
17th and 18tb milestones (,see Plan, PI. 1, 1) in Jany. 1875. The Average Cross- 
Sections (obtained as described in Ch. V, 18) were found to be so nearly alike, that 
the Experiments at the two Sites have been combined into a single Bbbibs as here- 
after explained. Oh, Yl, 14. The Average Cross-Section of the two Sites is shown 
in Plate XXVIII, 

[From an irregularity in the Surface- Velocity Ottrv© (H« XXVIII) for these 
Sites, it was thought (for explanation see Ch. ZVII,) that they were too near the 
SoUni Aqueduct Central Pier, only half a mile below. Experiments were accord- 
ingly discontinued at them : so few were done that it was not thought worth while 
to give the details of the Soundings in the general Tables I to IV as for the more 
important Sites : neither have the Hydraulic Elemente for these Sites been computed]. 
12. Solani Aquedncti (PL II, 3, 4).— The Canal is carried oyer the 
SoUni Hirer at a height of 25' above the Hirer Ibed in a fine masonry 
Aqueduct-Bridge of 15 arches of 50' span, 1112' long and 192' wide. 
The Aqueduct is divided into two equal 85' waterways by a central Pier 
932' long and 8' wide, except at the two ends (or Pier-heads), which are 
30' long and U' wide. 

The enlarged Plan (PI. II, 8) of the Aqueduct ai^d Appfoaohes shows, 
with the help of the Table on next page, how the single waterway 150^ 
wide at bed of the Soldnf Embankment — of section shown in Fig. 2 — 
gradually widens to 172' in the 250' Approach to the Aqueduct, which 
width is continued uniform with yertical sides for a length* of 90', when 

• Thiji length wu ineorrectfy.fignrocl and plotted as IW in the 1874-5 Report. 
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it is parted by the 14' Pier-head into equal 79' waterways with Tertical 

sides for a length of 30': these are enlarged by 3' offsets on each side 

into 85' waterways, which are carried of the nniform section shown in 

Fig. 4 for a length of 872\ The Exit below this is precisely similar to 

the Approach. 

[In strictness the whole Embankment, 2} miles long across the SoUnf valley, is an 
Aqaedact, and the portion of it crossing the SoUnf River is an Aqaedact-Bridge. 
Local castom, however, has restricted the term Aqaedact to the latter, and Em- 
bankment to the whole Work]. 
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The Cross-Section of either Aqaedact is seen {Fig. 4) to he a rectangle 
85' wide with the two lower comers slightly roanded off, so that the 
bed-width is only aboat 83'-25. 

[As originally constracted the two lower comers were roanded off by 8' qaadrants, 
thas redaciog the bed-width to 82'. Bat a layer of aboat 9" of concrete and brick 
laid flat was afterwards pat on the original floor, thas raising the floor-level aboat 9^^, 
and greatly decreasing the effect of the roanding off of the comers. The two floor 
levelsf are shown in the Cross-Section, Fig. 4, by a dotted line (old I'loor), and clear 
line (present Floor)]. 

• This length was ineorretay flgored and plotted as 116Mn the 1874-S Report. 

t The Cross-Section given in the former 1874-fi Report is ineorrta, hATing been drawn ftom the 
old Standard Plates of the aangeo Canal ; it shows the original (instead of the actual raised) floor- 
lerd in conaeqneace. 
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The public roadways orerhang the water 3^ for the whole length of 
872', and are corbelled oat from a height of T'B above the bed, so that 
the water-surface is of the full width (85") only when less than 7^*3 deep : 
the corbelling attains the full width (3^) at a height of 9''85 abore the bed, 
so that as the water-level rises from 7^*3 to 9^*85 above the bed the 
water-surface decreases to 82' ; for all depths over 9'-85 the water sur- 
face is 82', (see PI. I, 3). 

[This corbelling oat preTents any yelocity-measnrementa being effected nearer to 
the oater walls than 8' : this will be seen hereafter]. 

The present Bed or Floor is of bricks laid flat, and generally very 

regular throughout its length : it was sometimes covered with a thin 

layer of fine silt, and was sometimes quite bare, (as could be seen in clear 

states of the water.) 

lOocasionally there were irregnlar patches of stones, bricks, lamps of clay, ftc, 
foand in parts of the bed, (even at the Experimental Sites,) dropped apparently from 
laden carts passing on the roadways, and from laden baiges : these interfered a good 
deal at times with the nse of Sabsnrface Instmments]. 

The outer sides are plastered throughout with fine plaster : the sides 
of the central Pier were plastered to a height of 6' only when the Ex- 
periments began (in 1874). 

[The plastering of the left side of the central Pier (forming the right bank of the 
Left Aqaednct) was completed to the foil height daring the Canal-cloeore of 
Angnst 1876 : tiie other side (forming the Left bank of the Right Aqaedact) re- 
mained nntonched whilst the Experiments lasted]. 

12a. Solani Aqnednct Sites, (PL II, 8, 4.)— The two centre sec- 
tions of the Twin Aqueducts were chosen as the Experimental Sites. 
It will be seen that they are each at the middle of a channel 872' long, of 
Tery uniform (nearly rectangular) section, the Bed of which is yery even. 

[This length 872' is onlj abont 10} times the width of each channel : it seems that 
this length is not great enough to warrant their being described as ** uniform chan- 
nels of great length ". There is a want of symmetry of the Horisontal Velocity- 
Carres for these Sites aboat the carrent-axis of each channel— see any of the 
Plates XXVI, XXVn, and XXIX to XXXIII— which shows that the length of 
872' is not safficieiit to establish the symmetry of motion aboat the axis of each 
channel which might be expected in a channel of great lengiKl, 

Bed-Level The present Ploor-le7el (clear line in Fig. 4) will be seen to be ahcve 
the level of the flooring of the next Bridge (Boorkee Bridge) below, so that the Sites 
are f arorably situate. 

Gauges, There are Standiko Gaugbs (described briefly in Ch. V, 9) at both 
Sites, one on either side of the (Central Pier : both Gauges ruffle the water slightly, so 
cannot be read accorately to the hondredth of afoot The Left Aqnedact Gaage, 
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beiog Uw one moAt used for Canal porposes, was lunaUj read whenever Experiments 
were going on at the other Sites in the Roorkee Reach. 

[Soundings were taken occasionally only at these Sites. The depths of water all 
oyer the Experimental Sites were f onnd to he generally very nearly the same all OTer 
the hed as shown hy the ganges, with the occasional exceptions noticed]. 

12b. X«£FT. Aqueduct Sitb.— This was the principal Experimental Site in 
1874-5, («00 1874-5 Report). Most of the pablic traffic, both by land and water, 
used this Aqueduct (in preference to the Right Aqueduct) : it was found to inter- 
fere so with the Experimental work, that this Site was given np as a principal 
Site on the resumption of the Experiments in December 1875 : from this time 
Experiments were done at this Site only when required in cat^unotion Kith timHar 
work in the Right Aqueduct. 

[This Aqueduct was closed for repair whilst the Canal was low (but still running) 
during part of August and September 1876, October 1877, and September 1878, by 
a dam of clay at loth ende : (the whole of the water passing through the Eight 
Aqueduct, whilst the closure lasted). The enclosing dams were not thoroughly 
removed on the two former occasions, so that from August 1876 till the Canal- 
closure of August 1878, this Aqueduct was partially ohetrueted \ so that throughout 
this period less water passed down it at all times than through the Bight Aqueduct. 
This will be seen in Chap. XXI]. 

12c. Right Aqubduct SiTB.«-Thi8 Site was one of the principal Experi- 
mental Sites throoghont the whole period of the Experiments. Kost of the sys- 
tematic Experiment was done at it No alterations were made in its Bed or Banks 
throughout the whole period. 

Experiments with Left Aqueduct closed. An opportunity occurred three times (in 
August and September '76, in October '77, and in September '78) for Experiment 
at Utis Site under unusual conditions, the whole of the water in the Canal being 
passed through this channel, in oonsequence of the Left Aqueduct being closed for 
repairs. The central surface Telocity exceeded 7' per second on one of these ooca- 
sions, although the water was low (only i'^S, see Tab. XV, Ser. IB). 

13. Belra, Jaoii, Eamhera Reaches, (PI. III.)— Near the village of 
Jaolf ihe Canal throws off a large Branch Canal, the Anupshahr Branch, 
of 55' hed-width and 980 cuhic feet per second yolame of Discharge at 
Full Supply. The neighborhood of the Head of this Branch was select- 
ed as a suitable place for a Series of Test Experiments hereafter explain- 
ed (Chap. XXL) The application of thia leet inyoked simaltaneoufl 
Experiment at three Sites — 

One Site— at Belra— in the Main Canal abore the Branch-Head. 
One Site— near Jaolf —in the Main Canal below the Branch«Head« 
One Site— near Kamhera — in the Branch Canal. 

The Beaches in which these Sites are situate vill he ealled the Belra, 
JaoH, and Kamhera Reaches. These Reaches will be called eollectiyely the 
three Lower Rbaches, and the three Experimental Sites therein will be 
called coUectiyelj the three liowsa Bitbs, Their relative positions^ and 
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the pOfiitions of the Experimental Sites in them, are shown in the general 
Sketch Plan (PI. III.) 

A brief description of the three Reaches showing the positions of the 
Experimental Sites, and the levels of all important points, is given in 
Table on next page. The detailed Plans and Longitudinal Sections of 
the three Eeaches are given in Plates IV, V, VI. 

13a. Belra^ Jaolt, and Kamkera Sites, (PI. IV, V, VI).— One Ex- 
perimental Site as above was chosen in each Reach : the Sites were to 
some extent specially prepared (as detailed below nnder head of each 
Site) for these Experiments daring the Canal-closure of Angnst 1878; 
but the closure lasted so short a time, that it was found impossible to 
dress the Bed at any of the Sites. The Beds of all three Sites were ac- 
cordingly very rough at the time of the Experiments— (as may be seen 
by the Soundings, Tab. II, III, IV). 

Soundings. The three Sites being all in earthen channels, it was considered neces- 
tery to find their Awrage Cross-Sections (Oh. V, 13b) at freqaent short intervals- 
the Soandings were accordingly taken once a week. The Results are shown in the 
Tah. II, III, IV, all referred to a common datnm for each Site. 

Water^Letfels, A Still Water-Gauge had been provided it the centre section of 
each of the three Sites, Oee hig, 3 of each Plate,) by which the Still Watcr-Level 
could be read tery aecftraUly. The Gauge-Zero at the Belra and JaoH Sites was 
nearly in the Original Bed-Slope (*m the Longl. Sections, Fig. 2 of each Plate) 

14. Belra Site, (PI IV).--Thi8 was a Canal Dischai^e Site,t.ij.,« Site* pre- 
pared for Discharge-measurement, and for many years used for this purpose by the 
Canal Staff. The Site was prepared simply by revetting the banks of the earthen 
channel with "kachchi pakkA" brick walls (bricks set in mud) with a batter of 
1 in 2, U, of 1 horizontal to 2 vertical— for a length of 250'. The Bed was an 
earthen one, and very rough. 

Situation and Bed^Level, The Site is not favorably situate for Experiment ite 
centre section being {nee Tab. on p. 40, & PI. IV) only 743' below Belra Bridee 'the 
Piers and Towing Paths of which may perhaps affect the motion of the water aa 
far down as the Site, and must certainly modify the state of the Surface-Slope in 
the neighboriiood. Moreover, the Site was in a decided hollow, its bed being so 
scoured out {see Longl. and Cross-Sections, PI. 17) as to be about 2' below the level 
of the Floor of the Bridi^e (at Belra) just above, and also about ^ below the 
raised crest of the Falls at the Tail of the Readi (Jaoli). The Bed was however 
eveiywhere above the level of the Floor of the Bridge (at Bhop4) next below' 
(shown by a Ime in long dashes on the Cross-Section). 

[The Longitudinal Section shows that no Site could have been found in this Reach 
quite free from these disadvantages. This being so, it was thought that the actual 
advantages of the Site, viz., 

1®, having uniform permanent straight Banks for 260', 
2*, having a still water Gauge, 
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2Pf being the Site of the Discharge-measiiremeiits taken bj the Canal Staff, 
justified osing thia Site in preference to selecting a new one]. 

16. Jaoli Site, (PI. V).— This Site was newly prepared for these Experi- 
ments (doling the Canal-closnre of Angost 1878), jost like the Belra Discharge Site 
bj simply revettuig the Banks of the earthen channel with *'kachchi pakki" brick 
walls (bricks set in mad) with a batter of 1 in 2, t.«., of 1 horizontal to 2 vertical, 
for a length of 250*. The Bed (of earth) was left untouched, and was very rough. 

Situation and Bed-LeveL The Cross-Section shows that the Bed had been scoured 
out to a depth of about 1''5, but was still above the level of the Floor of the Bridge 
(at Dukh6rf) next below, and also (cee LongL Section) above the raised crest 
of the Falls at the Tail of the Reach ((}hitaura). As far as levels go, the Site was, 
therefore, favorably situate. The Site was otherwise not very favorably situate for 
Experiment, its centre being (see Tab. on p. 40, & PI. V) only 2078^ below Jaolf 
Regulator FaUs, and being also situate in an unusually wide part of the Beach, 
(widened out by erosion.) But its actual advantages, viz., 

1% having uniform permanent straight Banks for 250', 

2^, having a still water Gauge, 

8% being favorably situate as regards levels, 
make it on the whole a favorable Site. 

16. Kamhbba Site, (PI. VI).— This Site was situate in the Anupshahr Branch 
of the Main Canal about 2^ miles below its head, (PI. VI). It was newly prepared 
for these Experiments (in the Canal-closure of August 1878) by simply dressing the 
(earthen) banks roughly to a uniform slope for a length of 250'. The bed (of earth) 
was left untouched, and was accordingly very rough. 

Situation and Bed-Level The Sections show that the Bed of the Site was fairly 
on the general Bed-slope of the season, and above all masonry Floorings below it, so 
that it was favorably situate. 

17, DistributaxieSj (Pl« XM) — A few Experiments (Mean Velocities, and 
Central Surface- Velocities only, detailed in Tab. LVI, LXX) — meant solely as a 
check on the oflBdal Discharge Tables — were made in the four Distributaries, which 
leave the Main Granges Canal in the Belra Reach above Jaolf Falls (Pi. Ill, IV). 

These channels are simply earthen channels of trapezoidal section, and were in 
good order at the time of the Experiments, the Beds and Banks being pretty well 
dressed. The Average Cross-Sections are shown in Table LVI and Plate XU. The 
positions of the Gauges are detailed in Table LVI. 
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CHAPTER IV. 
VELOCITY-MEASUREMENT. 

PyVdM.— Moit of flits Chapter is taken np-with the practical and other detail oonected with the 
use of Floato (Art. 19-47). The riader who is not Interested in such foil detail thoold pass oyer Art. 
18^18, 88—15, 88, 30, 8S~30. 

1. Velocity. — This term (when taken alone) is commonly nsed in 
HydraalicB in a technical and limited sense very different to its proper 
meaning: this should be understood from the outset. The following 
terms will be used with the meanings given : — 

CuBRENT-AXia. The interseciion of a mid-channel vertical plane perpendicular 
to a cross-section of the channel with the water-surface. 

Actual Velocity. The actual rate of motion, i.e., the " velocity " (in the 
proper sense) in the actual line of motion, (which may be in any direction, and 
subject to constant change.) 

PoBWABD Velocity.* The resolved part of the Actual Velocity parallel to 
the Current-aait, 

Velocity. This term (by itself) will be used usually in the sense ol (and as an 
abbreviation for) Forward Velocity. 

The Forward Velocity is the only part of the Actual Velocity of 
much use in practical qaestions, such as calculations of Discharge, &c. : 
from this it has come that the term Velocity (taken by itself) is now 
ordinarily used in the sense of Forward Velocity in Works on practical 
Hydraulics, (though this is seldom distinctly stated;) and it will accord- 
ingly be so used in this Work. 

[Convenience alone justifies the use of the term in this limited sense ; the term is 
of such constant occurrence, that the use of any periphrasis would be wearisome]. 

la. Farticuhr velocities, — It is convenient to couple with the term 
velocity the name of certain of the chief verticals and transversals of a 
cross-section to denote the " forward velocity" at any point of the named 
vertical or transversal. Thus the following terms have the meanings 
given :— 

r i I V I e'ht [ ^®^°^^*7 P*** *°y P*'^'^' ^^ ^^ centre vertical, 

*^* 1 or at centre of any transversal. 
Edge" Velocity, ... Velocity at edge, or at any point of edge. 

* This term is adopted from Prof. Jas. Thomson's Paper *' On the Plow of Water, lie," at 
p. 118 of Procgs. of Royal Socy., No, 191 of 8-12-78. 
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M'dd tli. \ ^®^^^*^®* P*^* *^® '^P* xniddepth, or foot of any vertical, 

■D J " J ' or at any point of the snrface, middepth- or bed-transTeraal. 

2. Discharge, Supbrfioial and Casio.-^For shortness' sake the fol- 
lowing terms will be used : — 

SXTFEBFiciAL DiBCHABOB. The quantity of water passing a straight line 
(say a Vertical or Transversal) drawn in the Cross-Section of a channel, being 
obviously a superficial qnantifcy (measarable in square Jeet per second), will be 
styled the SuPEBFiGfLAL Dischaboe past thb Vebtioal or Tbai^syebsal re- 
spectively, and will be denoted by D. 

[The most important cases of Superficial Discharge past a Transversal are those 
past the Surface, Middepth, and Bed Transversals : these will be styled shortly^ 
Surface-Discharge, Middepth-Discharge, and Bed-Discharge]. 
Cubic Dischaboe. The quantity of water passing through the Cross-Sec- 
tion of a Channel being obviously a cubic quantity (meaanrable in cubic feet per 
second) will be styled the Cubic Dischaboe, and will be denoted by D* 
[This latter quantity (being pre-eminently the most important quantity In practical 
Hydraulics) is commonly called simply the Dischaboe]. 

For shortness' sake the distinctive terms supbbficial, past the vbb- 
TicAL OB TBANSVEBSAL, and CUBIC will frequently be dropped when the 
context sufficiently shows what is meant. 

8. Average and Mean Velocity.^— It becomes necessary here to dis- 
tinguish between seyeral different sorts of '^ means " of a number of yelo- 
cities commonly confused together under the single name ^* Mean Yelo* 
city ", for which short distinctive names are much required. The new 
names proposed are five in number, the term '< velocity " being always 
used in the technical sense of " Forward Velocity ", 

i. AvEBAOB Velocity. The average or mean of many successive " forward 

velocities " at one and the same paint in a cross-section, 
ii. Float Velocity. The mean of the " forward velocities " at all points of 
a straight line of given length drawn parallel to th^ current^axis through 
any point in a cross-section. 
iii. Mean Velocity (past a vebtioal). The mean of the << forward velo- 
cities at all points of any Vertical in a cross-section. 
[The most important case is the Mean Velocity past the Central Vertical : for 
shortness' sake this will be styled the Centbal Mean VelocityJ. 
iv. Mean Velocity (past a tbansvebsal). The mean of the " forward 

velocities" at all points of any Transversal in a cross-section. 
[The most important cases are — 

Mean Surface-Velocity, Mean Middepth- Velocity, Mean Bed- Velocity "I . 
v. Mean (Sectional) Velocity, Mean Velocity. The mean of the ''for- 
ward velocities " at all paints of a erosS'Sectian, 
The great difference in kind between several oi these Means will be 
obvious, tbuB — 
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No. i 18 an aTerage (with respect to tune) of velocities at one ami the $ame 
point 

Nos. ii to ▼ are means of Tolocities at different pointe, 

Na ii is the mean of velocitiea at aU points in the Hne of motion itself. 

Nos. iii and iy are means of velocities at ali points qfeertain Unei ia a eroee- 
eeetion. 

No. y is the mean of velocities at all points of a eross'^ection, 
TTsing the nsnal notation, viz., 

0, y, z for co-ordinates ; » lengthways, y transverse, e vertical, 

H for depth, h for breadth, A for area ; v tor velocity, t for time, 

the abore Means are expressed symbolically as— 



No. i, /* vdt -5- t. No. ii, /" «d» -s-», ^ 

No. iii, /* v<2s-^H; No.iv, g vdy-^l-. No. v. f f^vdyde -s- A, 



>0)- 



Nos. iii and iv will be denoted by XT with appropriate subscripts explained here- 
after. No. V will be denoted by V. 

The great convenience of short distinctive names for these qnantities will appear 
abundantly throughout this Work. 

[The name of Na ii is chosen from its being the particular mean always given by 
all sorts of Floating Instruments. It is much to be wished that shorter and yet suffi- 
ciently distinctive names could be found for No. iii and iv : to avoid the tedium of 
the periphrases as much as possible, the short term *< Mean Velocity " will be used for 
both whenever the context suffices to prevent confusion with No. v. The last (No. v) 
being by far the most important quantity in practical Hydraulics, it has been consi- 
dered Imperative to preserve the use of the short term ** mean velocity " with this 
meaning (Na v) in which it has become familiar : when necessary for distinction, it 
will be termed « Mean Sectional Velocity "J. 

4. Mean Velocityi Computation.— The three Mbah Vblocitibb 
proper, viz., 

No. iii, past a vertical ; Na iv, past a transversal ; No. v, through a section, 
have throughout this Work invariably been computed from their fundamental 
formula, viz.. 

Mean Velocity ? tt _ Discharge past the vertical _ D^ . . 

past a vertical, J ^ — Depth on that vertical H ^ ^* 

Mean Velocity \jr^ Discharge past the transversal _ ^ . 

pasta transversal,/ ^ - Breadth of tiie transTcrsal "" h ' '^ '* 

« ^. 1 XT « -x. «* Cubic Discharge D ,« v 

M«m Secboiml Velocity, V = Ar«> of OH,«.8e^on = A' ^^^> 

which will he admitted to be the proper mode of obtaining them, provided 
of conrse that the Discharge-measarementB on which they depend are 
sufficiently approximate. 

4a. Mean Velocity, Ebbob.— It will appear in the sequel that the 
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Snperficial and Cubic Discharge-MeasnrementB depend virtuaUy on two 
and three factors respectively, thus — 



DiKtuurg^Measarement. 



Past a vertical, ... 
Past a transTersa],... 
Cobic, ... ... 



Facton oontAlned. 



Foimiila. 



One depth-factor (H), and one velocity-factor 
Qsay ^jt ■■• •■• ••• ••• ••• *** 

One breadth-factor (b), and one velocity-factor 
^say *J/f •.• .•• ••• ••• ••• ••• 

One depth-factor (H), one breadth-factor (6), 
and one velocity-factor (saj V), • 



U.H 
U .h 



and are, therefore, liable to error, due to error in estimation of each one of 
those factors. 

But, in computing the several Mean Velocities, the same values of the 
depth (H) and breadth (b) have invariably been used in the denomina- 
tors of the expressions (2a, 6, c) as were taken in computing the original 
Discharge-Measurements which form the numerators of those expres- 
sions. Hence arises a nearly perfect compensation, so that in fact— 
*<The Mean Velocity-measnrements are not sensibly affected by such errors in 
the Discharge-measnrements on which they depend as arise solely from error in 

estimation of depth or breadth", (3a). 

Thus ultimately—' 

<*The only sensible errors in the Mean Velocity-measniements (XT and V) are 
those in the primary velocity-measnrements nsed in computing the Discharge- 
measnrements themselves", ^ (3^). 

5. Velocity-Meters. — Any Instrument used for velocity-measurement 
may be termed a Vblooity-Metbr. Many different kinds have been 
proposed and tried by various Experimenters : they may be roughly class- 
ed as Fixed Instruments and Free Instruments (or Floats). 

6a. Fixed Instbumbntb. — These are Instruments which being held 
more or less fixed in a given position in the water, measure the current- 
velocity past them more or less indirectly. They are made of many 
different patterns, but are all open to numerous objections : there is one 
principal objection, viz., the delicacy of observation required, which neces- 
sitates the use of most of them from a very steady bridge, the erection of 
which over a wide channel is of course impracticable. Their use is^ there- 
fore, nearly confined to small channels. 

[This objection does not apply to Cnirent-Meters, which have been snccessfnlly 
nsed on many large rivers. The use of these will be disciuaed hi Ch. XXm.] 
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8b. Floats.— -By tiiis term U meant any sort of " floating apparatus ** 
i?iiich is dropped into, and abandoned to, the current. For shortness, all 
such Instraments, of whatever pattern, will be called simply Floats, 
(whether only slightly or almost wholly submerged.) 

All Floats, of whatever pattern, consist essentially of two distinct 

parts, — 

1^ Svlmtrged partt, intended to be exposed to the cnrrent-action. 
^, Exposed parts t intended to serve two purposes. 

ia\ a* a marker, to render the Float visible from a distance. 

ih), as a reserve of buoyaney, sufficient to bring the Instrnment to the 
surface quickly after any accidental submergence. 

The Floats used in these Experiments were of three distinct kinds — 

i Surface-Floats, for measuring surface velocity, (Art 13.) 

ii. Double-Floats, for measuring subsurface velocity, (Ch. IX, 12.) 

iiL Loaded Rods, for measuring mean velocity (past a vertical), (Ch. XV, 7.) 

6. Essentials of a Float. — The following are the <' General Con- 
ditions " which should be fulfilled by all Floats, of whatever kind : — 

1*. The parts exposed to wind should be the least possible consistent with the 
function of serving as a '^ marker ", and of possessing snScient reserve of 
buoyancy to bring the Instrnment quickly to the surface after any accidental 
submergence. 

2°. The submerged parts should be the least possible consistent with their sever- 
al functions, so as to disturb the natural motion of the water as little as 
possible. 
[In these Experiments the maximum width admitted (of either 1" or 2®) was 3*]. 

3^ All parts should be of such shape as to expose a nearly constant surface 
(both directly and laterally) to both wind and current, however the Instrument 
turns during its motion, after attaining its terminal velocity. 
[This points to the use of spherical and cylindric shapes in preference to all others]. 

4^ All parts should be of such materials as to be little affected in their mutual 
adjustment by alternations of extreme moisture and dryness. 
[This points to the use of metal in preference to wood or other hygroscopic materials]. 

fi^ The Instrument should be convenient to handle, and strong enough to bear 
moderately rough handling. 

6^. It should be cheap enough to admit of being made up in large numbers, and 
light enough to admit of being carried about also in large numbers. . 

Of these " General Conditions ", which should be fulfilled by every Float 
of whatever kind, Nos. 1°, 2', 3°, are essential to the requisite delicacy of 
the Instrument ; No. 4° is a practical condition of great importance which 
is very difficult to fulfil in any hygroscopic material such as wood, cork, 
pith, &c., along with the conditions 1^ and 2^ of making all parts as 
fimall as possible. 
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7. noat-Kotion.— So many objections hare been raised* at times to 
ihe nse of Floats of any sort on score of inaccuracy, that it seems neces- 
sary to discnss the question pretty folly. This occupies the next lew 
Articles. 

7a. Ik)rWftTd-'yel00ity«*--On belog abandoned to the current, all Floats^ of 
whatever kind, move at first irregularly, but acquire after a time a state of relative 
equilibrium with the fluid strata in which they are moving. After this state of rela- 
tive equilibrium (not necessarily a state of uniform motion) has been attained, the 
Time (<) of passage of the Float across the space between two parallel cross- 
ections of the stream at a known distance (ar) apart is carefully timed, and the 
Forward Velocity (»,) of the Float— hereafter called Float- Velocity— is a#- 
sumed to be given as the quotient, 

Forward 1 per pend , distance between the cross-sections ae 

velocity, ) time of passage between the cross-sections * * 7' ^ 

This is obviously true so long as the motion of the Float (between the cross- 
sections in question) is uniform and also parallel to the current- atne, 

7b. Ohlique and Crooked ?loat-paihs. — It is matter of observation that Floats 
seldom move really parallel to the current-axis : it may be shown, however, that the 
above Result (4) is always the required '* forward velocity " of the Float, i.e., the 
resolved part of its actual velocity (v) taken parallel to the current-axis in the two 
following cases :— • 

1®, when the motion is uniform, and the Float-path straight 
2**, when the forward motion is uniform, even though the Float-path be crooked). 
Garb P. It is clear that— 

!= Actual velocity x cos inclin. of float-path to current-axis, 
length of float-path • !• i.- i 
= —-?- — i X cos inclination as above, 
time of passage 
perpend, distance between the cross-sections . 
time of passage * ^ '' 

which proves the proposition. 

Case 2^. Let ^„ f„ t„ &c, be the times of passage of the Float through the very 
short lengths *i, *,, *„ &c., whose projections on the current-axis are *„ «,,, «„ &a 
Then, as before, the "forward velocities" in the short lengths «|, 8^,Sj,&c,aiQ 
*i -T- ^i» 'j -r- tf, &c Hence since the forward velocity is constant (by hypoth.), 

(= i = ii = ^ = &c. = *' -^ ^» •*• ^3 -^ ^^' 
Forward ) ^i. ^2 U ' *i + ^2 + *s + &c.* 

Telocity, j perpend, distance between the cross-sections , -.. 

( time of passage ^ *'* 

which proves the proposition. 

7c. Float- Velocity.—In consequence, however, of the Unsteady Motion of the 
water (as will be explained in Ch. VI, 4), the motion of a Float is seldom continu- 
ously uniform and rectilinear (as required in Case 1*^), and even its forward motion 
is seldom continuously uniform (as required in Case 2^), so that the Quotient (4) is 
certainly not in general strictly equal to the " Forward Velocity '* of the FLOAT at 
a particular point, but is really only a sort of — 

* tee Lake Bi?er Report of 1869, p. 563 for an Epitome of these. 
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" ATerage or Mean of the ^Eomard Velodtiet ' of the Float thionghoot the 
space between the fixed aoctiona", or, in symboU, = ( /** t»^«)-r«, (6). 

This quantity— obtained as the qnotient (4)— will be called for shortness the 
Float-vklocitt, whenerer necessary to distinguish it from other yelocities. 

7d. SmaU Floats.— l^ext the principle of the nse of Floats in general depends 
on the following Hypothesis as to Small FtoaU ;— 

Htp. The motion of a very small Float— when it has attained the state of re- 

latiye eqailibriam with the fluid — ^is astumed to be the same as the arerage motion 

of the fluid particles displaced by it in succession, (7). 

Assuming this then, it follows that— 
« The Float-velocity may be taken as the measure of the current-Telocity ",«.(8), 
this last term being understood in a similar sense to the former, viz., not as the Actual 
Velocity nor even as the Forward Velocity of the fluid at a particular point in the 
channel, but only as a sort of — 

"Average or Mean of the 'Forward Velocities' of the fluid particles succes- 
sively displaced by the Float throughout its path (between the flxed sections)*', (9). 

A Float does not of course follow the motion of individual fluid particles as they 
sink or rise, so that the fluid particles displaced— alluded to above— are different 
particles in tuccestion at successive points of the Float- path ; and thus,— 

** A Surface-Float measures the average of the forward surface-velocities of the 

different particles successively displaced by it", (9a). 

" A Sub-Float measures the average of the forward subsurface-velocities (in its 

path) of the different particles successively displaced by it ", (9i). 

7e. Larg^ Floats, — The above cannot be fairly assumed in the case of large 
Floats. This must in fact remain a subject for special investigation : this question 
will be taken up for the case of thin loaded Rods (floating nearly vertical) in Chap* 
XV. The importance of the use of very small Floats will now be understood. 

7f. Quickness of Float'motio7^,—It has been urged by some that Floats always 
move quicker than the neighboring water, and this on very different grounds, thus — 

Dubuat writes (Principes d'Hydraulique, 1816, Vol. I, Art 220)— 

" A body floating freely on the surface of a uniform current ought to take, aud 
does in fact take, a uniform velocity greater than the central surface velocity * 
• • ♦ ♦ • When any body whatever floats on a current 

which has a slope denoted by 1 — 6, it is situated on an inclined plane, and has 
consequently a Movingf Force equal to the weight of its displacement of fluid 
multiplied by the fraction 1 -7- 6 ; that foree tends to make it descend, and would 
accelerate its descent without limit if the body suffered no resistance : then, if we 
suppose this body moving simply with the velocity of the fluid which surrounds 
and supports it, it will be at rest relatively to the fluid, and will suffer no resistance 
from it Thus its Moving Force will remain intact, and will impress on it repeated 
increments of velocity, until the excess of its velocity over that of the fluid pro- 
duces a resistance equal to that foree ; then it will continue to move uniformly, 
and at each instant its Moving Force will be in equilibrium with the resistance 

t ** force aoc^I^ntrtoe *'— The oontezt sbowB that what is called ** Moring Force" fn Goodwin's 
Mechanics is hero meant. 



I 
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which it satfere from the flaid. The greater the displacement of water by the body, 
the greater inll be the Moving Force of the body, and the greater also will be the 
excess of the miiform velocity which it will acquire over that of the fluid ; * 
• • • ♦.»> 

Navier reproduces this argament (B61id6r'8 Architectare Hydianliqne, New Ed., 
1819, iee Note on p. A58, Vol. I) in almost similar words. 

Both these writers appear to assume that the terminal velocity in question will cer- 
tainly be greater than that of the neighboring fluid : their argument appears, how- 
ever, only to show that thete will be »ome terminal velocity which wiil probably be 
the same as that of the Jiuid, for it seems clear that the same argument would apply 
e^aaUy to any particle of fluid. In later years the same thing has been urged on 
new grounds. 
Prof. Weisbach writes (Mechanics of Machinery, &c., 1847, Vol. I, Art 876)— 
'* As a rule, especially with large and floating bodies, as ships, &c., the velocity of 
the swimming body is somewhat greater than that of the water : not so much be- 
cause these bodies in swimming float down an inclined plane formed by the surface 
of the water, but becaune they take none, or scarcely any, part in the irregular inti- 
mate motion of the water ; still, the variation for small floating bodies is so slight 
that it may be neglected. " 
Again, Prof, Jas. Thomson writes— (Royal Socy. IVoc of 12-12-'78, p. 124)— 
« On the principle put forward above ♦ • ♦ • a large and 

heavy boat, even if flat-bottomed and of shallow draught of water, would run 
down the river-course quicker than the water in which it swims ; for the reason 
that while all the water surrounding it makes occasional visits to the bottom of the 
river, and meets with great retardation there, the boat does not dive to the bottom, 
abd is free from any such retardation, • ♦ ♦ » ♦/> 

It might be thought at flrst sight that this would form a great objection to the use 
of Floats. But this is not the case. For all that is stated is that Floats which are 
in or near the surface move quicker on the whole, than the individual fluid particles 
which urge them, do on the whole. Now, granting this, it remains nevertheless tme 
(as explained in Art. 7d) that — 

** Very small Floats do move forwards, {.«., down-stream with the average ' forward 
Telocity ' which the fluid particles which come in contact with them from instant 

to instant have at or about the time of contact", (10). 

And this is all that is required : for all the Results (5a) — (95) above still obtain i 
BO that Surface-Floats measure Surface-velocity, and Subsurface-Floats measure 
Subsurface-velocity, provided always that they are very small ; whilst the case of 
large Floats has been reserved for special Examination. 

[It is clear that most VelocityMeters are pretty much in the same position in this 
respect, vis., that they do not aim at tracing the paths of individual partieleB, but 
aim at measuring the average of velocities of successive particles either— 
V*f at definite points, as With most Fixed Instruments. 
2®, along definite lines, as with Free Instruments]. 

8. Velocity at a point, — It will be seen that a Float-yelocity is not 
strictly a measnre of the forward Telocity at a particular point. As it 
is, howeyer, conyenient (to aroid wearisome periphrases) to ase the fami« 
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liAr phrase ^ velodtj at a point", the followiDg usage will be adopted 
in this Work:— 

" Floftt-Telocitiefl will be held to be Telocity-measoremeiita at painti in the 

EwperU Seetum, t. e., at the middle pointt of the Float-Coone (Art 19)/'...,..(11). 

The short phrase '' yelocity at a point" will accordingly be freelj used 
in this Work, it being understood to have the above meaning (when Float- 
velocities are in qaestion). 

9. Favorable Cond^ione, — ^The conditions that are favorable to the 
use of Floats are pretty mach the same as those laid down (Ch. I, 7) 
as favorable for Hydraulic Experiments under simple conditions^ viz.,-* 

''The site should be ntnate in a straight uniform Reach of great length, i e., 
with uniform Banks, uiiform Bed, and uiifonn Bed-«lope for a great distsnoe 

both aboTe and below the Site", ....»......^.^m.- »....... (12>. 

In fact Floats are qnite nnsnitable for use in cases where the crose* 
section, bed- slope, or surface-slope change rapidly. 

10. Irregular banks unfavorable. — Moderate irregularities in the 
banks do not greatly affect the use of Floats at a good distance from 
them : but — ^in consequence of the irregular motion induced in the water 
near them — they render their use difficult at a certain moderate distance, 
and even impossible pretty close up to them. 

But with very long straight uniform banks, Floats can be used pretty 
close up to the edge : though in this case also their use is difficult very 
close to, and increases with approach to, the edge. 

[At the Sol&nf Embankment and Sol&nf Aqnednct Sitas^ Floats were naed^witfa 
some difficnlty of conrae— at about 7* from the edge. Any closer use than this was 
found practically impossible]. 

11. Advantages of Tloats. — When well designed and used under 
favorable Conditions, the following advantages are claimed for Floats 
over Fixed Instruments of all kinds :^ 

1^ In consequence of floating freely in the current they interfere very elighUiy 

with the natural motion of the current, (&r less than any Fixed Instm* 

ment) 
8^. They measure the current-Telocity directly, whereas all Fixed Instrnments 

measure the current-relocity more or less indirectly : indirect measurement 

is in itself a great Honroe of error. 
8®. They can be used in streams of any size, whether large or small, wheress 

most Fixed Instruments (except perhaps Current-Metere) fail in laige or 

swift streams. 
4^ They are not sensibly affected by the presence of either silt or small weeds^ 

whereas Fixed Instruments are liable to injury from silt, and fail alto* 

gather in presence of weeds. 
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C They OMaaare the " Forward Velocity ", whereaa many Fixed InBtrnmenta 
measure (in their ordinary nse) either the whole cnrrent-Telocity, or its whole 
horizontal part. 
((*. They can be made np and repaired by common workmen, whereaa Fixed 
Inatnunents are extremely delicate, and can only be repaired by profeased 
Inatmment makers. 
7^ They are yery cheap, whereaa Fixed Instmmenta are expenalTe (£5 to £12 
la a oommoii price). 
11a. Burfaob-Floats, Advantoffes. — As to the adrantage of Floats 
far Mtrface velocity-measurement^ it will be sufficient to quote the opinion 
of the International Rhine Measurement Commission, (see p. Bhfi of their 
Report). 

^ Aceuraey of PIdat'MeamremenU.'-FoT large riTem Floats are in every way 
the aimpleat, tnreat, and cheapest means for measuring sarface-velocities. They 
are, even when other Instruments and Methods are ayailable, continually resorted 
to as a means of comparison. For high water of large rivers, the Floats are nn« 
questionably the only means applicable to the obseryation *\ 

12. Use of Floats in this Work. — For the above reasons Floats 
were exclusively used in all the systematic work in the present Expeii- 
meuts. It is not pretended that Fi<oats are by any means perfect ; one 
form, the Double-Float, {su Gh. IX, 8,) has serious disadyantages : but 
it is by no means certain that Fixed Instruments bare not equally great 
disadvantages. On the whole, the numerous advantages stated seemed 
to the author to justify an exclusive reliance on Floats. The justification 
of the use of the Double-Float will be given in full in Ohap. IX, 7. 

It will suffice to say here that most of the Sites used in these Experi- 
ments were favorable, and some very favorable (even close to the banks) 
for the use of Floats. 

[A few trials of Current-Meters were made in the present Experiments : the exper- 
imental difficulties attending their use were not got over, so that scarcely any use has 
been made of the results obtained]. 

18. Surface-Floats^— The patterns used on this Work were two— 
Pattern i, 8* pine Discs from J* to J" thick. 
Pattttnt il r to H* Gork Discs from i' to y thick. 
Pattern i was adopted for general use, Pattern ii for use near the margin ; except 
when subsurface velocity-work was being done (Ch. X, 2), in which case the rule was 
to use Surface-Floats of same pattern as those attached to the Double-Floats. 

A small hole drilled through the centre of the Disc permitted of the ready attach- 
ment of a pledget of cotton wool to serve as a '' marker ", when the plain Floats 
could not be easily seen from the bank. 

14. Bopes. — The two Cross-Sections above-mentioned (between which 
the passage of Floats was to be timed) were always defined in these Ezperi- 
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mentB by two Ropbs tightly strained across the channel perpendicnlar to 
the current-axis. These will be termed for shortness the TTppbb Ropb 
and LowBB Ropb. The practical arrangements connected with them are 
detailed in the next few Articles. 
[The Ropes nsed were of Tarioas materials according to the span required — 

15^^ Mile 5i^d«, (about 200' Bpan,)^!^'' Manilla Rope, from March to May 1878. 
„ „ „ „ — r Wire Rope, after Novr. 1878. 

Soldni Emlanimeni 8ite$, (178^ spanp)— 1^ Manilla Rope. 

Soldni Aqueducts, (82' span,) — 1^" Manilla Rope. 

JSelra, Jaoli and Kamhera SiUs, (spans 194', 194'*5, & 170',)— I* Wire Rope. 

Distributaries, (spans under 80',) — Grass Rope]- 

14a. Low-Leybl. — In order to note accurately the instant of pas- 
sage of a Float under a Rope, it is clear that the Rope should be 
strained at the lowest possible level, i, e,, as near the water-sarface as pos- 
sible (without actually grazing it), and the Observer should always stand 
over the Rope when noting the passage of a Float under it. 

[In these Experiments the two Ropes were accordingly always strained at the 
lowest convenient leoel consistent with their not grazing the water when at full sup' 
ply : this is indicated on the Cross-Sections of the Experimental Sites (PL II, IV, 
V, VI, &c.) by the upper dotted line in each case. Accuracy would have been gained 
by lowering the Ropes as the water-level fell, so as at all times to be barely clear 
of the water, but practical convenience would not admit of this]. 

IB- BopeSi LtPTiNO.— The low-level desirable (Art. 14a) for the Ropes in their 
working position interfered with the passage of boats, especially at high water. It 
was in consequence necessary to have the Ropes entirely out of the way of the navi- 
gation when not in actual use, and also to have the power of clearing them rapidly 
out of the way In case of boats requiring to pass under them during working 
faonra. 

[The power of quick removal was essential, as boats coming down-stream fre- 
quently came close to the Upper Rope without being noticed, and would certainly 
have carried the Ropes away unless quickly lifted]. 

The lifting arrangements were as follows : — 

15a* Manilla Ropes,— These Ropes were strained (by hand, no purchase being 
osed) across the Canal daily (care being taken to prevent them getting wet in the 
process) when required for use, and coiled up again and packed away when the day's 
work was over. This was of course a great deal of trouble, but at the Sites at which 
they were used (Solan i Embankment and SoUni Aqueduct) the erection of any 
permanent gear would have been inconvenient In case of a boat requiring to pass 
daring working hours, the Ropes were simply slacked off, and ndsed by hand suffici- 
ently to let the boats pass under. 

15b. ^^^^ Ropes.—The daily coiling and removal of Wire Ropes would have 
been almost impracticable, so that a mete permanent arrangement was adopted at the 
four Sites where Wire Ropes were used, (see PL VII, Iflg, 1). 

The Wire Ropes (r r) were kept permanently stretched across the Ganal : when not 
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in tsdf they were kept lifted high out of the way of traffic by being attached to thin 
Manilla ropea (r P q), paasingoyer pnlleys (P) at the top of ** Stand-Poeta " (P) erect- 
ed on the high banka of the Canal. VHien required for use, the thin Ropea (r P q) 
were slacked off until the Wire Ropes came down to the water, after which the Wire 
Ropes were strained tant across the Canal to two stoat '* Straining-Posts " (S) erect- 
ed at the lower level (sfie Plate) by means of a single pnlley-hlock (P) at either end. 
The ** spacing" between the Wire-Ropea was maintained correct by passing the 
Wire-Ropea through notches in the top of « Gnide-Poets " (G) erected dose to the 
bank on either side ; the distance between the centres of these notches being set oat 
correct 

With this arrangement the Wire-Ropes (rr) oonld be slacked off from the ''Strain- 
ing-Posts " (S), and lifted high np oat of the way (aa shown by the dotted line r r) 
BO as to let boats pass nnder in about half a minute. This arrangement was found 
to work well, and is aa simple as oonld be wished. 

(.The Wire-Ropes were found to require great care in coiling and uncoiling : if in 
any way kinked, one or two strands sometimes broke, and the Rope itself eyentoally 
broke when under strain : repairs of a broken Rope proved very expensive and not 
very satisfactory, the joints being points of weakness. But when sound new THre- 
Ropea were used, no difficulty occurred]. 

16. PendantB.~~^®ces of thin white cord were tied on to each Rope at various 
points, and adjusted (from time to time as the water-level changed) to such a length 
aa to hang freely down and just grace the water-surface at the points at which the 
Floats were required to pass. From their free hanging potitUm, these will be styled 
PsNDAirrs. 

The Experimental Sites being all of symmetrical cross-section, (tee PL 11, IV, V, 
YI,) the CuBBBST-Azis (Art 1) was always defined by a pair of PKNDAirrs placed 
&ver ike centre of the Bed, one on each Rope. 

17. Pexida]lt*SpMing. — ^The spacing chosen for the Pbnpants varied with 
the bed-width and cross-section of each Site for reasons explained in (7h. XYII, 5. 
The actual positions of the Pbndants at each Site are shown (by vertical lines) on 
the Cross-Sections of tiie Sites, (PL H, IV, V, YI, &c). 

For spans of nnder 100', common 100' Surveying Chains, supported at frequent in- 
tervals from strong ropes or chains (the Surveying Chaina not being strong enough 
to bear their own weight), afford the readiest meana of spacing out the Pbbdanto 
in iUu, But for larger spans the weight of the Chains causes the supporting ropea 
to sag so much as to be very inconvenient For such Spans, light Manilla or Wire 
Ropea, with the whole train of Pbndants permanentiy attached^ seem to be the 
most convenient 

To set out the Pbndajttb so as to be always in their proper positions when the 
Ropes are strained taut in their working positions (in spite of the stretching of the 
Ropes) is not an easy matter in a large span. The arrangements actually adopted 
were with slight modificationa^-not affecting tiie principle — aa follows. 

17a> Sunning Chami.—The arrangement for these was the simplest The 
Pbndants were always fixed on to the Chains at the correct distancea (on the Chain) 
ft^m the ** eentre mark " of the CJhain. The Chaina were slung from their sup- 
porting ropes by wire rings at every 10", by which they could be slipped along the 
aapportiiig ropea until the *'centie mark" of the chain was vertically over the 
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) of iiie bed. Tke distflnoei on the cfaain from the *<eeDtre oiark'' to two 
poialB (iHncfa will be called for BhorteesB **Ch«m«inflrk0'') Tertieally oyer two 
meilui of a penxuuieiit natine on either bank (the *^ Shore-marks ">— when the 
efaalas wen polled tight— were] then noted tor fatore acQnatment of the train of 
PendantSi 

17b. Manilla Eop€i.-^Tht Bopea when first porchaeed were strained for some 
days np to their intended working strun, so as to take the slack ont of them. Thej 
were then stietehed across the Canal and strained taot in their working poiitions. 
Three ''Marks" were then made on each Bqpe, two rertically oyer a pair of 
" Marks" of a permanent natnre on either bank, and one rerticallj over the centre 
of the bed. 

[These << Marks " wUl, for shmtnew, be called the <'Bope-Marks.", « Shoie-Marks'^ 
and '* Centre-Mark ", respectiTelyl . 

The Pendant-spaces were sometimes marked oat upon the Bopea on shore : the/ 
were prepared for marking oat by straining them along anj conTenient lerel plac» 
on shore ontil the Bope-Marks came flush with two special Marks previoaslj set ont 
at a distance apart equal to the real distance between the two Shore-Marks above. 
Sometimes they were marked ont npon the Bopes from a boat whilst the Bopes weze 
in their << working position " (across the water) as above. Thns the Ropes were al- 
ways marked when in their worhing etrain. 

The Pendant-spaces were carefully set ont from the ''Centre-Mark" with a 10' 
Bod : and the PaNDAjiTTe themselves were let in between the strands o£ the Bopes 
at the places marked. 

The spacing of the ** Bope-Marks", and the Pendant-epacings were oocasionally 
re-examined. 

17o. Wire JZ0pM.— These Bopes not being liable to so mach expansion or contrao- 
tion when in use, a simpler process was adopted. The Bopes were laid ont along the 
groand, and placed under strain in the Workshops when purchased : leaden marks 
were cast on them, one at the centre, and the rest at the points where the Pendants 
were to be fastened when in use, the distances being carefully laid out on the ground. 
When taken into use, they were stretched across the Canal and strained taut in their 
worhing petition with the " centre mark " over the centre of the bed. Two ** Marks " 
were then made on each Bope vertically over two *' Marks " of a permanent nature 
on either bank ; the real distance between which was found by theodolite triangula- 
tion or otherwise. 

[These ** Marks" will be called the " Bope-Marks " and « Shore-Marks " as before]. 

In some cases the space between the two outer leaden marks fixed in the Workshops 
was found to agree with this distance : in this case the PsNDAirrs were tied on at 
the leaden marks (as originally intended). But in several cases the space between 
tbe two outer leaden marks did not agree (by several inches) with the distance in 
question (perhaps in consequence of the sag of the Bopes ithea in iitu): in these 
cases the Pendants were tied on at the correct spacings— as nearly as was pos- 
sible—in eitu, the leaden marks being then used only as approximations to the 
spadngs, 

IB. Bopes^ Adjustment.— From the explanations in Art 15, it vrill be seen that 
each Bope with its train of Pendants complete had to be adjusted to its correct posi- 
tion every time the Bope was lifted, (i.^., once at the beginning of each day's work, 
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and alflo evtiy time tiie Rope was lifted to let boats pan). The anangimeBt joat 
explained (Art 17a, b, c) enabled this to be readilj done. The Ropes when placed 
in their working position were strained until the " Rope-marks " or *' Chain-marks'' 
abore-mentioned were brought yerticallj over the corresponding permanent " Shore- 
marks". The centre Pendants were thns bronght yerticallj oyer the centre of the 
bed, and— bj the mode of setting out— the whole train of Pendants was thns brought 
nearly into their correct positions. 

[It is not pretended that the spacing thus attained was really accnrate : but it was 
probably as accnrate as was practically attainable. The Manilla Ropes for instance 
occanooally got wet in the process of stretching across the Oanal, and contracted con- 
siderably for a time, so that it was then impossible to bring the Rope>macks tbt- 
tically oyer the permanent Shore-marks (without unduly straining the Ropes). 
The whole train of Pendants was thus carried a little inwards towards the centre 
mitil the Rope expanded in drying. Allowance was made for this by temporarily 
looping up tiM Pendants on to the Ropes, so as to hang actually at the correct spac- 
ing (ascertained of course by re-setting out temporarily with a 10' Rod). But it 
will be seen (Art 21) that strict accuracy in the Pendant-tpadng is not absolutely 
essential]. 

The aboye process for adjustment of the Ropes with their trains of Pendants com- 
plete was simple and effectual : it takes, howeyer, so long (about 15 to 30 minutes) in 
aetoal execution, that the necessity of raising the Ropes for the passage of a boat 
proyed to be a serious inconyenience in actual work. 

[The process of straining the Ropes so as to bring the Rope^marks yertically 
oyer the permanent Shore-marks on both hani$ needs of course a little care and 
time ; the yibration caused in tiie Ropes by the act of straining usually jerked the 
pBirDANTS yiolently about, and left many of them twisted oyer the ROPBS. This 
oonld only be rectified by sending a nuui out in a boat along the whole length of 
each Rope to set each Pendant right Hence arose considerable delay eyery time 
the Ropes were lifted. Delays of this sort, of half an hour at a time, are of course 
extremely annoying under a hot sun]. 

Praetieal JZ^morA^.— Por Spans under 100', the use of tiie Snryeying Chains 
proyed the most oonyenient For large Spans the Wire Ropes were decidedly the 
most conyenient, being unaffected by accidental wetting, and yielding only slightly 
under the stress employed in stretching them. The considerable contraction of the 
Manilla Ropes after accidental wetting, and subsequent expansion on drying, and 
(to a lesser extent) their yielding under the stress employed in stretching them, are 
yery inconyenient in practice. 

19. Iloa^path, Float-C!oarse.— The actual path of a Float in the 
water will be styled the Float- Path. The intetuUd " Coarse '' of a Float 
between the Upper and Lower Rope will be styled for shortness the 
Float-Ooubsb. Each Float-Coubsb was defined by a pair of Pen- 
DANTSy one on each Ropb, at eqaal distances from the Cubrbitt-axis : 
thns each Float-Coubsb was (when the Bopes were in position) set ont 
parallel to the Garrent-axis. 

SO. Vertical.— Float-velocities will be accepted (Art. 8) as velocities 
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<U the middle point of the Float-Oonne as above defined. Conceirer 9 
rertical line dropped through that middle point. Babsnrface Float- 
Velocities will be accepted as velocities measured at different points of 
this Tertical line, which may thus be considered as the Vbrtioal of Ex- 
PBBiMBHT^ and will be often briefly named simply the Vbbtioal. 

21. Deviation, Fair Coursb. — From the Unsteady Motion of the 
Water (Art. 7b, c), the actual path of a Float is seldom strictly paral- 
lel to the Current-axis; but, as explained in Art. 7b, the value of 
the FiiOAT-VBLOGiTT obtained is not affected by the inclination of the 
actual Float-path to the proper Float-Coursb ; hence the important 
property — 

« A certain amoant of Deviation from the proper Float-Coubsb is admiA^ 

Bible", (18), 

provided of course that the ** Deviation " be not so great as to carry the 
Float into stream-lines of sensibly different velocity. 

Now all observation agrees in showing that the Telocity-variation in 
different stream-lines at the same level is very small near the centre, and 
decreases slowly from the centre towards the banks, near to which it is 
rapid : from this it follows that-^ 

^ The admUrible Deviation from the Float-Couw is greatest iieir the centre^ 
decreaaes slowlj towarcU the bankB, and decreases rapidly for stream-lines very 

near the banks ", ^ (14). 

Floats— whose Deviation from the proper Float-Courss does not 
exceed the '' admissible deviation " — ^will be said to be in '' fair course *', 
and the Float-velocities resulting will be considered as practically equi- 
valent to velocity-measurements poet one and the same vertical, or at one 
and the same point. 

[The maximum Deviation admitted in the present Experiments was— 

In streams 150' wide and vpwards — 2' near centre, gradually rednced toi'^otei 
mde-slopea 

In streams 70' wide and upwards— 1' near centre, gradually reduced to T close to 
edge. 

In streams less than 25' wide — 6* near centre, gradaatly reduced to 2' near banks. 

Great attention was paid to the smallness of the Deviation admissible in Floai- 

CVmrses yery near the edge, e.^., in the Float-Cbnrses close to (only 7|' from) 

the yertical Wall of the SoUnf Aqueduct) where the Telodty-variation is most 

rapid]. 

For reasons similar to those just given, it will be seen also that— 

** Strict accuracy in the position of the Pendants defining the Float-Ckmrses 
is not eseentUP^ , (16> 
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22. BniL-^The space between the two cross-sections in qnestion, 
or between tHe Upper and Lower Ropes, being the space through which 
the passage (or run) of the Floats was to be timed, will be called for 
shortness the Run. The qaestion of proper length of Buh will be dis- 
cussed in Art. 27. 

28. Dead Bun.-— It is necessary (Art. 7a) that the Floats should 
hare attained a state of relative equilibrium with the surrounding fluid 
before entering the Bun within which the time of passage is to be noted. 
The Floats must, therefore, be cast into the water considerably above 
the Upper Bope. The space above the Upper Bope necessary for 
the Floats to acquire this state will be called for shortness the Dead 

RUK. 

It is desirable to keep this space (the Dead Run) as small as possible 
consistently with the above essential condition ; as the longer this space 
is, the greater is the chance of large Deviation of the Floats from the 
proper Pendant at the Upper Bope, and the greater the waste of time 
in waiting for Floats which are in fair course. 
Now all observation shows that-^ 
'* The tendoncy to Deviation is least near the centre, increases slowly towards 

the banks, and is greatest dose to the banks *', (16). 

** The tendency to Deyiation (near the banks) is much greater with Snrface-Floats 

than with any kind of Snbsnrf ace-Floats ", (17). 

" Snbsnif ace-Floats take time to attain their state of relative equilibrium in- 
creasing with the required depth of submergence", (18). 

It follows that — 

''To avoid undue waste of time, the Dead Run must be reduced to a minimum 

near the banks, especially in the case of Surface-Floats", (19). 

" Subsurface-Floats require increased length of Dead Run as the depth of sub- 
mergence increases ", , « (20). 

[The actual length of Dead Run employed in the present Experiments was— 
For most work not very close to the banks, in wide channels, 100'. 

„ n n n n 1° narrow channels, (under 30' wide,) 60'. 

For Double-Floats of 7' depth of immersion and upwards, 100' to 150'. 
For Surface-Floats within a few inches of the bank, 5' to 20'. 
For Double-Floats „ „ „ 20' to 100'. 

For Loaded Rods n ** n fiO'tolOO*. 

In short, the Rule was to use the length of 100' in all ordinary cases : the 
shorter lengths being used only in narrow channels, or in wide channels only over 
the side-slopes of the banks, or very close to the banks, so as to avoid undue waste of 
time, see (19) above ; and these shorter lengths were always regularly increased— in 

I 
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work with Sabsnrface-Floats— as the depth of immeraion increased to the utmost 
length compatible with avoiding andae waste of time. 

24. Boats Two small Boats (of from 15' to 20' lengtH) or Pontoon- 
Bafts (Blansbard's Light Infantry pattern) were in constant use at the 
principal Sites (exceeding 25' in width), one aboye the Upper Hope 
for '< casting " the Floats from, and one below the Lower Bope for 
'* catching " the Floats after passing tbrongb the Buh. These will be 
styled for shortness the Uppbb Boat and Lowbr Boat. Each Boat was 
handled and kept in position by a pair of " tow ropes *' (usually of thin 
Manilla cord) held by men on either bank. 

24a. Uppbb Boat.— This Boat (from which the Floats were <<cast" into the 
water) was placed just aboye the space above described as the Dbad Rws, and was 
aligned on the pair of Pendants defining the Float-Conrse, as occasion required. 
The alignment was corrected by actual trial with a few surface-floatB until a position 
was found from which the Floats could be '* cast " so as to enter the Run close to the 
proper Pendant at the Upper Rope. In this way some allowance was made for a 
side-wind. 

[The use of a Boat for "casting" the Floats into the water is a necessaiy 
evil in a wide channel : the " wash *' of the Boat disturbs the water for some 
distance behind it, and greatly increases the irregularity of motion of Surface-Floats 
and of Subsurface-Floats only filightly submerged, thus rendering necessary a much 
greater length of Dead Run than would otherwise be necessaiy in their case. The 
Rudder was always removed from the Upper Boat so as to reduce the disturbing ac- 
tion of the Boat on the water as much as possible. For work very dose to the Banks, 
the Floats were cast from the banks themselves, and the Boat sent some distance off 
to get rid of its " wash "]. 

24b. Lower Boat.— This Boat (from which the Floats were "caught" after 
passing through the Run) was placed a little below the Loweb Ropb. Its effective 
use — to enable the Floats to be readily ** caught " from it— requires it to be both pretty 
tteady in the water (so as not be easily npset by a man's stooping over the edge to 
catch the passing Floats), and also handy enottgh to admit of being rapidly shifted 
from side to side by the two tow ropes, so as to bring it within easy reach of the ever- 
varying positions of the Floats as they passed out of the Run. 

[Any failure to catch a passing Float was always attended with much waste of 
time, as the Boat had to be sent down-stream to catch it up]* 

26. Subordinate Staff. — The nmnber of men reqnired for the heayy 
work for one Field-party depends a good deal on tbe difficulty of hand- 
ling the Boats or Pontoon Rafts effectively in a wide channel with a 
Bwift stream. 

In a moderate stream with a light boat, one man is enough /or each tow rope : but 
in a very wide or swift stream two men are sometimes required for each tow rope. 
The distribution of the party was as follows :— 
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STAFF. 


DUTY. 


a® 


111 


Subordinate 
Staff, 


Casting Floats (from Upper Boat), 

Passing Floats (from Upper to Lower Boat), 

Catching Floats (in Lower Boat), 

Handling Upper Boat (two tow ropes), 

Handling Lower Boat (two tow ropes) 

Storekeeper, 

Total, ... 


1 
1 

2 
2 
2 

1 


1 
1 
2 
4 
4 
1 




9 


18 



Thns from 9 to 18 men were reqnired for one Field-partj. These men were aU 
natiTea on a pay of from Rapees 6 to 4 a month. 

26. Timing. — The essential Conditions of aocaraie timing of the 
duration of Tisible phenomena, snch as the time of passage of a Float oyer 
a given space, are — 

" The eye shoald be free to watch the yisible phenomena (the passage of the Float 

under either Rope), whilst the timing should be done wholly by ear'V (21). 

** Similar operations at beginning and end of the time shonld be always done by 
one and the same Observer, in order to eliminate his personal equation, (in the 

process of taking the differences of the times counted)",. ....(22). 

In the present Experiments aU the timing was invariably done with 
half-seconds' chronometers with all the care ased in astronomical observa- 
tions, by two thoroughly trained Obsbbvbbi (su Ch. II, 4) in the fol- 
lowing way: — 

26a. ^ode of ttflntii^-One Observer (the ** Timekeeper "> sat with a field-book 
and chronometer in front of him midway between the two Ropes. The second Ob- 
server (who may be styled the <* Caller ") watched the Floats as thrown out from the 
upper Boat, and warned the Timekeeper of their approach near the Upper Rope ; 
and then— flawing ooer t<— ** called " jut as each Float passed under it : he then 
walked (or ran, if necessary) down to the Lower Rope, tOLd^^iUuuiing over it — 
** called " again just as each Float passed under it 

The Timekeeper entered the number of chronometer-beats actually counted (from 
the beginning of his count) just as he caught each ** call " to the nearest beat (^lalf- 
second), or half-beat (quarter-second), according to his skill 

[It will be seen that similar operations at each Rope are throughout done by one 
and the same Obsebyeb, viz., 

1^ By the ** Caller "—Watching the passage of a Float, and giving an andi- 

ble signal of its passage ; 
2^. By the ** Timekeeper "—Listening for an audible signal, and recording the 
timing thereof f 
also that the distapce between the ** Caller " and " Timekeeper " was the same at each 
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' *< call ". As the '* time of passage" of the Floats is in each case the difference of 
the namber of chronometer-beats counted at each call, meet of the effect of '< personal 
equation " of each Observer is obviously eliminated bj the above process]. 

26b. TiJiiNGy Pabcision. — All the chronometer work on these Experi- 
ments was done by " trained Observers ", (Ch. II, 4). Every Observer 
on first joining was carefully trained for abont a fortnight in the system 
of '' eye-and-ear observing'^ just explained, and his trial-timings were 
repeatedly compared with those of the existing trained Staff. No new 
Observer was passed as a " trained Observer " until the maximum Dis- 
crepancy between the timings of many successive Floats done by himself 
and by one of the trained Staff was not more than one chronometer-beat 
(or half-second). 

[On some occasions four Timekeepers have been working together, viz., one old 
hand, and three beginners, all recording the same Floats : the maximum. Discrepan- 
cies of the timings were found to be the same, viz., one chronometer-beat or half- 
second]* 

As the result then of repeated comparisons between the Observers' 
timings, it may be pretty confidently asserted that — 

" The maximum ordinarily possible error* of timing did not exceed one ** half- 
second" « (23). 

This precision can only be obtained by use of a clock, chronometer, or 
watch which beats distinctly (loud enough to be heard, notwithstanding 
the noise of passing traffic), and not faster than can be readily counted 
by ear, t.^., not faster than twice or thrice a second. A half-seconds' 
chronometer (such as is used at sea) suits admirably. 

With any ordinary watch this precision is impossible : watches usually tick far 
too fast to be followed by ear, and seldom lond enough to be heard through the noise 
of passing trafiSc It will be seen from the Table on next page that ordinary watches 
have been employed in all the modem Experiments on large Riyers. This has been 
a most unfortunate circumstance for the accuracy of those Experiments, for there 
seems to be no doubt that — 

" The maximum ordinarily possible error of timing with a common watch is 

about two seconds", ....• • (24)i 

or four timet as large as with a half -seconds* chronometer. 

This has been put beyond a doubt by the International Rhine and Connecticut 
Experiments, as quoted below. 

Bhine Commn., pp. 85, 36.— "The same 25 Floats were seen and called by the 
same two Observers, while they were recorded by three different Observers with 
three different seconds-watches." The maximum discrepancies between the tim- 
ings off the three watches were— 
2 sec, once ; 1| sec., once ; 1 sec., 7 times ; i sec, 10 times ; nil, 6 times. 

• Bzclnding downright " Mistakoe", which cannot of course be estimatod. 
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Cimnectient Report ot'7Sy pp. SlO,Bll. « ♦ • ♦ |,^^ 

obserrers read the time. • • • • ^^gj q£ ^j^^ ^^^ 

tervals of time recorded by the two obflervers agreed ; bnt often the time would 
differ by one second, and sometimes by two." 



BZPEBDIXNTS. 


OlTB. 


original 




Lbvoth 

OFEUH. 


OBOSa-SBOTZOKB. 


Mississippi, .. 
n7' Canal], .. 


'61.'58 
'59 


225 
252 


Watch, 

[large sec. hand], 
CSironometer, . . 


200* 
61' 


2 at 200*. 
2 at 51'. 


Lowell, 


'55 


145,148 
PI. XL 


Chronometer & 
Telegraph, .. 


140', 110', 
& 100', 


? 


Bazin Ezpts., • • 


'56-'60 


145 


? 


40 to 50 


? 


BhineGommn., 


'67 


16,87 


Seconds' Watch, 


800', 


? 


LakeBiyers, .. 
[1868Eeport], 


'67.'69 


951,952 


Chronometer, •• 


700', & 1117', 


2 


Irrawaddi, 
[]870Beport], 


72-'78 


16 


? 


200', 


2 at 200^. 


Connecticut, .. 
£1878.EeportJ, 


'74 


805310 
&811 


Seconds' Watch, 


I 200'. & 
I 100' (1 case) 


} 7 at 50'. 


Boorke^ 


'74.'79 


• • 


Chronometer, • • 


( SO' 
26',&12't, 
[nearbankB], 


8 at 25'. 



26o. Pebsonal Equation.— Although the effect of ** personal equation " is oc- 
casionally traceable in these Experiments, still the ** Differential Method " of timing 
adopted (Art 26a) is snch as to reduce its effect to a yery small quantity even in any 
^gle Telocity-measurement. The mode of combination of Sets of Fidd-work into 
Sbbies (Ch. VI, 14) is snch as to.eliminate still further its effect from the Ayebaoe 
Velocities which alone are used in most of the Discussions in this Work. It has, 
therefore, not been thought necessaiy to endeayor to exhibit its effect in the Detailed 
Tables (Vol. IE) now poblished in face of the numerous more efficient causes of modi- 
fication of Telocity at work (Ch. 1, 13). The means of tracing its effect are, howeTer, 
given — in case it should be wished to do so—by giTing always the Initial of the 
Timekeeper in each separate Set of Field-work, (tee Detailed Tables, Vol. II). 

[In the 1874-75 Report the attempt was made, see any of the Tables of that Report 
But further experience shows that the utility of the additional columns required in 
each Table is doubtful]. 

27. Length of '* Ban ".--It is dear that the longer the Buk, (or dis- 
tance between the Bopes,) the less the deduced velocities will be affected 
by small errors in timing; so that cceteris paribus the Bun should be 
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as long as is compatible with the equally important condition that the 
FLOATs.rmi in tolerably "fair course". 

It was soon found in the present Experiments that Floats seldom 
run for any distance sensibly parallel to the current- axis, but deyiate 
gradually to one side, so that the deyiation from " fair course *' is greater 
with longer Runs; and greater accuracy of " Course" is attainable with 
short Runs than with long ones. A compromise is, therefore, necessary ; 
which while permitting sufficient accuracy of " Course " shall not unduly 
enhance the effect of small errors of timing. And herein it is clear 
that— 

'< Increased precision of timing admits of decreased length of RUK, and, there- 
fore, of increased accuracy of Course," ^ •••.,.... (25). 

[The lengths of RuK adopted, and the timekeeper used in all the great modem 
Experiments with Floats, are shown in the Table on p. 61. It will be seen that 
a length of not less than 200* was adopted in the Experiments on large Rivers : and 
the International Rhine Commission consider (Rhine Commn., p. 87) that— 

'< To yield trnstwoithy Resnlts on great Rivera, the longest possible Float-path 

(of not less than dOC s 90 metres), and the greatest possible number of Floats 

at one and the same point are essentially necessary ". 

It will be seen, howeyer, that in all these Experiments on large Rivers, Hmple 
geconda-watches were used, thus entailing large errors in timing, (say about 2 
seconds). Now the use of haH-seconds chronometers, involving only one half -second 
as the (maximum) time-error would have permitted the use of a length of Run of a 
quarter of above, or say 50' (= J x 200') with equal accuracy qf timing, sai^ greatly 
increased accuracy qf ** Course " of the Floats. 

It will be seen (same Table) that a Run of only 51' was used in the Mississippi Ex- 
periments along with a chronometer. Also, in the Lowell Experiments (Art. 185) 
the opinion is given — 

'< The length may be very short, if suitable anrangements are made for observing 

the transitB, and in liven of ordinary velocity, a length of 20' or 80* would generally 

be sufficient."] 

27a. Z^'^ ^^ woitc liifM.— The question of the proper length of Run has a 
further most important practical bearing on Experiment, in that the time occupied 
in obtaining a given number of good observations increases much faster than the 
length of Run itself. It is obvious that the time of passage through the RuH 
increases simply as the length of Run, and that, therefore, the time occupied in obtain- 
ing a given number of good observations would also increase simply as the length of 
Run, provided that all the Floats moved in equally *< fair course" over both short 
and long Runs alike : bat it was found in these Experiments that the percentage of 
Floats which fail to run in " fair course ", (and are, therefore, unfit to record) is much 
greater with long Runs than with short Runs, so that to obtain a given number of 
good observations of Floats all in " fair course " takes up far more time with long 
Buns than with short Runs ; whence it follows that — 

** The use of an unnecessarily long Run leads to great waste of time ", .... (26> 
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Ifc will be proTcd (in Ch. VI« 5) that in cQnseqnence of the Untteady Motion of 
the wBter» all yeloeity-meaBnrementa mnst be many timea repeated to be of any prac* 
tkal use. The qoestion of the waste of time attendant on the nse of nnnecesaarilj 
long Rons acquires, therefore, very great praetical importanee. It follows then 
that— 

*< The Run should be the shortest compatible with accuracy in timing/'.... (27). 
27b. Advantage of short Buns. — The adrantages claimed for short 
Rons are tHen — 

V, Great saying of time ; 2°, Increased accoracy of Course. 

S8. Length of Bun, ExPERnnsMTs. — To test the question as to the 
Length of Ban necessary, the following Experiments were devised, and 
executed at Belra, (for description of Site, see Gh. Ill, 14, & PL IV). 
Four Ropes were laid out as shown in PL Vn, 8— 
1 at SO', and 1 at 25' aboTC the middle cross-section of the Site, 
1 at 25', and 1 at 50' below „ „ » n ,» 

•o thai the spaces between the Ropes were— 

25' between Nob. 1 and 2, 5(K between Nob. 2 and 8,' 
25' between Noe. 8 and 4, and 100* between Kos. 1 and i. 
These distances were yery carefully laid out with new 10^ leyelling Stayes, along 
the top of the masonry wall on both banks ; the ground was fayourable for this being 
well done on both banks. Two Series of Experiments were tried, one with Surface- 
Floats in the centre line, one with Loaded Tube-Rods at dijfferent parts of the cross- 
section. Eyery Float passing in ** fair course " was timed as it passed under each one 
of the four Ropes, in the manner described in Art 26a. 

It is clear tiiat the timing of eyery ** Float" could thus be determined oyer four 
differmt " Runs ", yis., 

Upper 25', Middle 50', Lower 25', and FoU :00'. 

[The Belra Site was not a yery fayorable Site for the purpose, being a compara* 
tiyely short artificial channel (only 250' long, see Ch. m, 14) in midst of an ordi- 
nary earthen channel, and only 743' below a Bridge, so that some difference might 
naturally be expected between yelocities at different parts of its length. Thus the 
two 25' Runs not being symmetrical about the centre cross-section of the Site might 
be expected to give somewhat discordant Results]. 

28a. Experiment i, (with 1" Tube-Rods, Tab. LXXI).— A set of three of the 
Rods was timed past each of the 15 Pendants of the Belra Site in the way described 
in Ch. XVn, 7 as in regular use for Mean Velocity-Curve work : the yelocities 
derived from the means of the three timings of every Rod in ** fair course " are given 
in Tab. LXXI, q. v., 

For the 2 Margin-Pendants (marked m) over the two 25' and the 50' Runs, 
For the 18 Bed-Pendants (for 90' on either side of centre) over all the Runs.' 

The close agreement of the velocities deduced from the 50' and 100' Runs is quite 
remarkable, whilst there is considerable discordance between those deduced from 
the two 25' Runs. 

2Bb. Experiment ii, (with Surface-Floats at mid-channel. Tab. LXXII).^A 
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large number of Snrface-Floats were nm in rapid succession along the mid-channel 
line. Ereiy Float passing in ** fair course " was timed as it passed under each one 
of the four Ropes above-mentioned, until a total of 48 Floats— all in ''fair course" — 
had been observed. The Timings of each Float oyer the four different Runs are 
given in Tab. LXYTT in quarter-seconds for the 25' Runs, in half -seconds for the 
middle 5(y Run, and in seconds for the 100' Run, so as to admit of easy comparison 
of the figures. 

The Discrepancies (in the " timings ") are shown in the labt two lines. 
Last Hne hut one. Discrepancy through two 25' Runs in quarter-seconds. 
Last line. Discrepancy through 50' Run, and half of lOO' Run (in half-eeconds). 
It will be seen that— 

''The Discrepancies between the 50' and half 100' Run amount to or exceed 

1 half-second in 9 cases ; and between the two 25' Runs amount to or exceed 

4 quarter-seconds in 7 cases," 
(hat is, are much laiger between the short (25') Runs, than between the long (50' and 
100*} Buns. 

Hiese differences hetween individual results may seem large ; but they are by no 
means to be ascribed solely or even principally to the errors of timing through tho 
different Runs, but for the most part to As variability of the motion itself (as will 
be fully explained in Ch. VI, 4). In fact the discrepancies disappear almost entirely 
in taking the mean of the 48 Results, as shown below. 



DBTAIL. 


BUK. 


Discrepancy 
between 


Upper 


■ 
Lower 


Middle 
60' 


Whole 
lOU' 


two 
26' Bans. 


60' Ban and 
half 100' Bun. 


Mean of timings 
of 48 Floats, ... 

Average Velocity, 


Qoar. Seo. 
28-40 

8-62 


Qnar. Sec. 
2916 

8-48 


Half-Sec. 
28-44 

8-52 


Half -Sec. 
28-61 

8-50 


Qnar. Sec. 
•76 

-09 


Half-See. 
•17 

•02 



29. Standard 5(K Bun.— Taking the Results of both Experiments to- 
gether, it appears that — 

** With proper accnracy of timing, the 60* and 100' Runs give in general closelj 
accordant Resnlts ; whilst the 25' Runs give Results differing often greatly in detail, 
though also closely accordant with those of the longer Runs when the means of 
mluij trials are compared", (28). 

The choice of a standard length seems to lie between the 50' and 100' 
Lengths. The ad7antage (in saying of time, Art. 27a) of tho Short 
Bun leads then to the conclusion that — 

** With proper accuracy of timing a 50* Run is to be preferred ", , (29). 

[It was found indeed in these Experiments that a Run of about 60' is the maxi- 
mum compatible with obtaining any considerable number of Floats in << fair course ** 
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within a reuonable time in any part of the channel, and that this length mnst be 
shortened to ayoid nndae waste of time) for Float-Conrses near the banks where the 
tendency to deviation from '*fair course" is much greater, and where — ^from the 
rapid change of yelocity in stream-lines at different distances from the bank — any 
snch deviation is of great importance. 

The following lengths of Bum were in consequence finally adopted as the Stamd- 
A£D Runs throaghont these Experiments : — 

For general nse, « 50' 

Near the banks, i.e., within about 24' of vertical or over sloping banks, 25' 

For cases of exceptional difficulty, 25' 

Vciy near the banks, (i.«., within 9' of vertical masonry banks), ... 12^' 
But it must be observed that the shorter (25' and 12|') Bums were never used, 
unless the use of the 50' Run was found to lead to unreasonable waste of time 
in endeavoring to obtain a sufficient number of observations of Floats in '*fair 
course ". 

A good deal depends on the sort of Float in use : thus Snrface-Floats are the 
most irregular in their course, especially if there is any wind ; Double-Floats are 
more regular, and Loaded Bods still more regular in their course. Hence to avoid 
unreasonable waste of time, it is more necessary to shorten the Bun of Surface-Floats 
than of other kinds. Thus the 12 1' Run was used only for Surface-Floats, (and these 
only very near the banks,) and the 50' Run was almost invariably used for the 
Rods!. 

80. Laying oat Bnn. — In using snch short Runs as 50', 25', and 
12^', accuracy in laying out the length in question is of course essential. 
[At all the large Sites, the banks were very favorable for accurate laying out At 
all these Sites the 50' space was laid out with a pair of good 10' Offset-Staves or 10' 
Levelling-Staves on both bankt; the spacing was occasionally re-tested ; only trifling 
differences such as '01 of a foot were detected. 

At the Sites in the small Distributaries, which were not favorable for laying out 
with 10' Staves, a new 100' surveying chain, which had been recently compared with 
standard Rods at the Government Workshops, was used for marking out both the 
60' and 25' spaces on both banks : great care was used to shake out all kinks in the 
chain before finally marking out the space. 

The shorter spaces of 25' and 124' — being required only close to the banks— were 
usually laid out in the same way on one bank only, whenever required : the space 
was defined over the water at one end by one of the Ropes of the standard 50' Bun, 
and at the other end by laying a staff so as to overhang the water]. 

8L Good Floats, KuNNiNQ free, Fair Course.— For shortness* sake 
the following terms will be used : — 

RX7MNIKO free. A FLOAT will be said to bo running free after it has attained 
the state of relative equilibrium with the surrounding fluid, so long as that state is 
not disturbed by any extraneous cause. 

Fair course. A Float whose maximum Deviation from the Float-Course 
defined by the PENDANTS on the Upper and Lower Ropes does not exceed the 
« admissible deviation ", (Art. 21,) will be said to be in "fair course ". 

K 



Digitized by VjOOQIC 



66 CHAP. IV.-^yStOCITT-MKASUBSMBNT. 

Oooi> FLOAtB. A Float triuch wa& <* nmiiiDg ftee " before ito enttj into tfie 

RxiK, flbd which was both in '* fair coane " and also ** rmmiDg free " thionghoafc its 

passage through the Bus will be called a Good Float. 

[A Float that has been ** rtnmlng free " at one time is liable to be disturbed— w as 
to be no longer ** running free"— by any of the following canaes ;— 

1^ tonching the Upper Bope or tile Lower Bope^ or one of the Pendants. 
2^, tonching the banks. 
2^, tonching the bed. 
Any one of these accidents mnst be held to distorb its previoos Btat»o£ mnmng free]. 

It was a fandamental Bale in these GtperimeiitB ihat-*« 
"No Float which la not a "Good Float" according to the definition abore— 

is to be recorded/* (80). 

[Accordingly no Float would be " called '* at the Upper Bope unless likely to prore 
a Good Float : and a Float which had been « called *' at the Upper Bope, would 
still be rejected unless after leaving the Bun it was decided to be a Good Float as 
above. The "Caller" would usually indicate to the "Timekeeper" that a Float 
whose times at either Bope were already entered in the Field-Book had turned out bad 
by sitnply calliug out the word " Bad ", whereon all entries with that Float would be 
immediately erased^, 

81a. Criteria of Good Floats.^lt will be seen that the sole criteria 
of a Float's being a Good Float, (or in other words being worth record- 
M^,) are that it should bo ^* mnning free " and also in " fair course " 
thronghont the Rtiir, without reference to the agreement or disagreement 
of the time of passage tiirongh the Run with the times of passage of 
other Floats in the same Float Oodrse. 

[Great stress is laid on this point : the practice of many Canal Officers in India 
in their ordinary Discharge-measurements is to select out of many recorded obsenra* 
tions only those of Floats whose times of passage throngh the Bun were nearly 
alike. The author belieres this system of selection to be wrong in principUy all 
observations made with equal care being entitlud to equal confidence. II will be ex- 
plained in Ch. VI, 4, that the Unsteady Motion of tiie water neoenofiXy eaueeiffreat 
inequality in the timet of passage of successive Floats through the BuN on tiie 
same Float^Course : and that it is a prime object to record aU tiiese tunes, however 
unequal, in order to obtain finally a good Arerage valae of the times of passage]. 

82. Bad Observations omitted.— The principle adopted thronghont 
these Experiments (with respect to yelocity-work) was to decide in the 
Field what Obsenrations were ** good '* and worth record, and to record 
only these permanently in the Field-Book, rejecting and erasing on 
the spot all Obserrations considered fanlty or donbtfaL The Bestdt of 
this system was that the permanent Field-Book entries were all entries of 
good dbeervatione^'BXX bad ones ha?ing been rejected in the field). 

[The Field^Book was kept by the ^ Timekeeper ". All entries in the Field were 
made in peneU: the "Timekeeper" was always protided with a piece of "ink- 
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eruer '*« with which h« eraM on the spat any entiy which from any caoae appeand 
faulty or doabtfal]. 

It WAS aa iQTftritble Tole th*t all Field-Book ^ntxm (luving been 
decided to be ''good" in the Field) mast be accepted as ''good**, e?en 
though apparently onnsoal or eren discordant, anless some obvioas "Mis- 
take'' eonld be detected. M far as Telocity-obserrations are concerned, 
Ae system adopted enabled aU obvious mittokes to be detected in the 
Field, 80 that all yelocity-obserrations passed in the Field as ''good** 
were necessarily accepted afterwards* 

88. neM-B60k.-**A tpeefmea Field-Book pace* is shown in Abstract Tab. 88, 
The " headings" require no explanation. 

The **Telocity-BeaflareBMnt8" at eaeh point weie nsaally repeated three times for 
reasons explained in Ctu VI, 8, and the mean (of the timings) taken. The Field- 
Book is nded into ^hnds", each to eonlain the complete data of three soocessiye 
Yelocity^measuremeDtB at any one point, (or of any one Float^Coiuse.) 

In the left eolema woidd he entered tiie <<00K»diBate" (U,, korUfmtal distance 
from centre, or depth below snzface) of the point at which the Telocity-measnrements 
wete to be made. 

In the colamn headed ** Times " wonld be entered the number of chronometer-beats 
actually counted (from the beginning of the count) as each Float Nos. 1, 2, 8 passed 
under the two Kopbb, '▼ia.9 

* Upper Rope in sub-oolomn headed '*XS"; Lower Rope in sidxolumn headed *' L ". 
The difference of the entries in the sub-columns U and L was entered in colamn 

headed *< D " ; this ** diffemoce " ii of oonrse the number of chronometer-beats (or half* 
seconds) elapsed daring the passage of the sevMal Floats i» 2« 8 through (ha 
Bun. 

The fnean oj these three differences was next entered in column headed « M. D." ; 
thlB quantity is of eonrss the average time (in half -seconds) of passage of the three 
Floats through the Run. 

All these entries were done in the Field in penciL On arriyal In office, all the 
memoranda at the head of the page, and also the left hand columns and *< mean 
differences" (M. D.) column were inked in, and the "yelocities" corresponding to 
these last were then entered in ink also in this last column : all this work was inked 
in by the '* Timekeeper " (who had made the original entries), ustuUly on the same 
day^ (or as soon after as the exigencies of Held-work permitted,) so as to prevent 
mistakes. 

The whole of the entries which admit of being checked (Le,, all except those which 
depend solely on the "Timekeeper", e^„ the entries in the '*IJ" and «L" sub- 
columns, and the entries of ** Qauge-Depth " and << Wipd ") were then checked by 
the *' Caller"; and the Field-Book page signed by both Obserrers. 

[It will be seen that each page of Field-Book admits of entry of two complete 
Ssncs of similar work, a^., two complete Sbts of Velocity-measurements on same 

* TbB ipecimen giTen i* one oomplete BIT of Ijtoaa T«lodty-wotk. Some additional expliuiatioiifl 
an glTen in the Note on margin of Table* 
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Vertical, or on same TransyerBal, with record of Gauge-reading and Wind at begin- 
ning and at end of both]. 

84. Veloci ty-rednc tion.— It will be seen ( A rt. 8S) tbat tbe whole of the entries 
in the Field-Book connected with yelocitj-work, excepting only the final deduction of 
the velocities themselycs from the recorded times, were done in the Field. 

[The taking out of the " differences " and of the " mean differences *' in the •* D •' 
and ** M. D." columns is not of course strictly Field-work : but the arithmetical work 
involved is so simple, that it is easily done in the Field by a trained Ohtterver during 
the actual progress of the Field-work, and without in any way interfering with the 
Ficld>work : and the stiving of time (in Office) by doing this (clerical) work in the 
Field is very great]. 

The mode of reducing the " velocity " from the '* times " in a compendious way is 

worth attention. 

Let Ui, »,', n/, be the number of chronometer^beats counted as Floats Nob. 1, 

2, 3 passed under the Upper Hope, («.«., the entries in Sub-column "U "). 

n ^I'l ^h"* ^r ^® t^® number of chronometer-beats counted as Floats Nos. 1, 

2, 3 passed under the Lower Rope, (t.e., the entries in Sub-column *' L")* 

91 "11 ^> ^3 ^ ^^^ number of half- seconds elapsed during the passage of FLOATS 

KoB. 1, 2, 3 through the Run. 
„ n = mean of times (in half- seconds) of the three Floats within the BuN. 
„ o = velocity resulting in feet per second. 
Thus it is clear that — 

«i = »i* — «i, ns=:f»j — «,', «a = «,• — fij', 

» = *("! + »j + «»), (31), 

and that, therefore — 

nj, TLi, n, are the entries actually made in Ck>l. " D '' opposite FLOATS Nos. 1, 2, 8, 
and, n is the entry actually made in Col. ^ M. D." in the Field. 
Again, (by definition of velocity,) 

length of Run in feet , . ^v i .^ . ^ . » 

V = s — ^ T-- j-» being the velocity tj» feet per second, 

tune elapsed m seconds ** ^ -^ i- 

— ^ X length of Run in feet 
time elapsed in half -seconds 

= lilJl = 100 X -, (when the Run was 60*) 

= 100 X (reciprocal of »), (32). 

Thus the required Telocity could be taken ly simple inspection out of a Table of 
Reciprocals, by simply multiplying the Tabular Reciprocal by 100, thus avoiding all 
lalour of calculation, 

[This saving of calculation is a minor advantage of nse of a 50' Run with a half 
seconds' chronometer. In the present Experiments tbe number of velocity-measure- 
ments was very large (commonly over 100 daily), so that the saving of calculation 
was an important matter]. 

84a« R^ult ohtained, — The Result above obtained (32) is not strictly a Float- 
VSLOCITY as defined in Art 4, nor even the mean of the three Float-Vblogities 
of the three FLOATS, for it is clear that the Float- Velocities (vi, r,, v^) of each 
Float are- 
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»i = 100-7-n„ r, = 100-7- »j, «,= 100-5- Wj 
the mean of which is, t7=100xif — + — '+ — )> 

'* \ W| ^3 Jlj ' 

T?hich is not the same as the Result (82) above. 

The Resnlt obtained (32), and used thronghont theseExperiments may be defined s 
*' The Float-Velocity of an ideal Float traTersing the Run in the ayerage 

time of passage of the three real Floats", (84). 

It may be questionable which Resalt (32) or (83) is the proper one to use. Custom 
of other Experimenters has sanctioned the former (32). In tiie present Work it will 
be found that single values of the quantity (32) are rarely used (for reasons explain- 
ed in Ch. YI, 4a) in the discussion of Resnlts, but only means of a large number of 
such quantities. 

Now single values of (32) and (33) will be found to differ considerably in con- 
sequence of the numbers Ri, n^, n, being commonly very unequal ; but the Means of a 
large number of such Resnlts will not differ sensibly, so that as far as the Discussion 
of Results in these Experiments is concerned, the use of formula (82) in preference 
to (88) does not in general sensibly affect the Results. 

35. Speed of work. — The rapidity of Yelocity-work with Floats is 
limited chiefly by the considerable percentage of Floats cast from the Up- 
per Boat which eyentually turn out not to be " Good Floats*' according 
to the definition given in Art. 31, which causes much unavoidable waste of 
lime, and by the time occupied in exchanging the Floats from the Lower 
Boat to the Upper Boat when the whole available stock have been cast 
from the Upper Boat. It is also limited partly by the time actually 
taken by each Float in passing through the Eun, and also partly (in 
case of Subsurface Floats) by the difficulty of lifting them out of the 
iwater. 

Much time can be saved by the whole of the Staff being trained to 
work together, and by attention to small details. 

One principal means of saying time is by casting several Ploats from the Up- 
per Boat in such a way as to reach the Upper Rope in rapid succession (at about two 
or three second interrals) upon the same Float-Course. The chance of some one of 
the lot turning out to be " Good Floats" is considerable, and there is some chance of 
several turning out to be " Good Floats ", 

Should several (say three) appear to be '* Good Floats " at the Upper Rope, they 
would all three be *^ called" in succession at the Upper Rope ; and the entries nj', 
no, Jia'i would be made at once in sub-column '• U " of the Field-Book. The •* Caller " 
would then run quickly down to the Lower Rope (so as to arrive there before the 
leading Float), and would then " call" again at the Lower Rope for each Float 
which had been continuously ** running free" and in ** fair course" throughout the 
Run (i. «., the «* Good Floats ") ; upon which the entries %• «/, n^" would be made in 
6ab-colomn *< L ", supposing that all three were ** Good Floats ". But supposing any 
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of them(ia7Na2)i9obeiiiao7wajiiota"OfoodFloat",t]ie '* Caller "ivoold in* 
dicate this by simplj calling ont ^ No. 2, Bad ", and the Timekeeper " would at once 
earn the entry or entries already made for that Iloat. 

A great dral of time is saved in the long ran by adopting the above simple pro- 
cedore. 

[This prooednie la applicable only to such Floats (0^*, Sorface-Sloats and loaded 
Bods) as can be easily ** canght " at the Lower Boat]' 

86« Crossing of HMa%,^%osSD, rapid work n above described requires much prac- 
tioe of the whole Staff, but especially on the part of the '* Timekeeper ". If the sno- 
oessian of Floats is vexy rapid» a difflcnliy often arises from the Unsteady Motion 
of the water (Ch. YI, Sd) causing a group of Floats which pass mider the Upper 
Bqpe in the order (say) A| B, d to pass nnder the Lower Hope in some other order 
as B, A, C ; or C, A, B, &c 

With trained Obserrera this should seldom cause any ooaf anoii» as the ** Caller " 
shonld indicate to the ** Timekeeper " the order of arrival at the Lower Rope : so 
that in whatever order they arrive at the Lower Bope. llie ** Timekeeper " may always 
enter the ooonts nf, n^^ n^ (Art 33) opposite the proper Float, viz., 
%^ opposite A, Af* opposite B, %i^ opposite (X 

Shonld the snocession of Floats be very rapid at Uie Lower Rope, there is of 
course some risk of making the entries in the wrong order : but this is of little real 
importance, for it may be shown that the FtOAT^VBLOdxr (deduced as the avtn^ 
of the timings) is wot affecM thereby. 

For the <* average timing " (n) of the three Floats (1, 2, 3) is given by 
« = J(n, + 14+ JiJ, 

= I { « - »iO + W -««')+ « - O }r («B). 

= » { « + V + O - (V + V + O }f — <••)» 

and it 18 obvious from the/bm of the last ezpressioii that tbe value of fte final 
result (a) is not affected by the accident of writing down any of the entries «|*, Vt 
a," in the wrong order in the Sub-column **L"i although th« detailed results ni, n^ «, 
will separately be incorrect. 

[It is obvious that this Result applies equally to the case of any number (say ai) 
of Floats, provided the velocily be deduced in ik$ sane way, via., fhmk the m&m tf 
the timings, for it is dear that in this case 

-i2,-(a.) 

which proves the statement]* 

37. I^0ci§ion<fve!oeitj^work,r^1n^ptm9KAl&x^ 
ever observed was 7'*1 per second, and a velocity of 5' per second was an nnuaually 
high vekxsitj. This last oonespoDda to a timing of 10 eeoonds in the standard 
Bff Bon. Admitting that one half-seoond was the mazifluum ordinarily possible ^mOf 
cnor (Art 26b} this would amooat to ^ of tilie whole time : from which it follows 
that-* 

^Single valocitymeaBBiwnflttts <rf high vetoatieB (5'perfec.) were liable to » 

MMSHMMi enor of |^ or 5 per eent*", •»»•••■•••••»••«••#•*•••••«• •«•.•••••«••»»• (iSQ* 
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Of eonne with lower Telocities the proportioiuite error or percentage of errors ia 
much less ( because the mazimnm time-error ia unaltered, whilst the total timing 
through the Rmi increases with the decrease of Telocity) : thna — 

" Single Telocity-meaanrements of low velocities (1 foot per sec) were liable to a 

mazimam etror of -Y^or 1 per cent*", (89). 

No single Teloeity-measarements have, however, been nsed anywhere in this Work, 
(except for the purpose of exhibiting their irregularity as in Art 28b and Ch. YI, 3a, b) : 
Averages of several (never leas than three, and sometimes fifty) velocity-measure- 
ments have invariably been used in the Discusskm of Resulfci ; so tiiat the Hiayimnm 
possible errors in the velocity-data used in the Discussion are atmayi fumeh lea than 

The velocities were always taken out to hmndredths o< feet per seooid (t a, to two 
places of dfidaals). but the hundredths can only be looked on as a^roximately 
correct 

[In the Mississippi and Lake River Reports, the velocities are printed to 4 places 
of decimals (of feet). This gives an ajipearanee of accuracy which the author 
believes to be quite unattainable, and indeed it has since been explained by te 
Mississippi writers* that the four decimals arose simply from the use of large log^ 
ftritimi tables giving these figures by inspection, and they admit* that these are "evi- 
dentiy more than are needful to represent the observations'*. 

In all the other great modem l^periments, the velocities are shown to only two 
places of decimalsj. 



• '< Beiay to Dr. HNStt't Gxitidsma ^ Van Nostnnd'k ICagSit Td» zrm ef 'TS, pp. a, S. 
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DETAILS. 

Fr^aee.-^TbiM Chapter treats rery fnlly of certain details connected wltb vdocity-measiirement* 
Tlx., Water-IeTel (Art. i—lS), Arerage Depths (Art. 13— 17a), Hydranlio Elements (Art. 18— 20a}, 
Wind (Art. Sl-Sld), MisceUanea (Art. 2S~-26). The Reader who is not interested in the fall detaU 
Bhoold read only Art. ), 2, 6— 7a, 8— 18b» U, 18, 31— 21d, 2^. 

1. Water-LeveL — The free surface of a large body of water in motion 
is generally in a state of slight bat rapid oscillation, (and spmetimes of a 
larger slow oscillation in addition to the former,) so that the free surface 
has no really definite level. An Average Free Water-Level only 
can be found, and that only (with any ease) at the banks. 

2. Still and Free Water-levels.— Theory indicates* that— 

"The internal pressure in running water (in steady motion) is less than in still 

water, and decreases with the velocity ", (1) ; 

whence it follows that, in the case of a Still Water Pool or Gauge com- 
municating by a fine tube with a body of running water, the column of the 
latter above the orifice of communication must be higher than that of the 
former in order to produce a pressure which shall be equal to (and shall 
therefore balance) the hydrostatic pressure from the former, or in other 
words — 

" The Free Water-Level is necessarily higher than the Still Water-Level ",...(2). 

The former Result has been demonstrated experimentally for the case 
of Pipes (flowing full) by the Experimentsf of the late Mr, Froude : the 
latter Kesult is confirmed ^r the case of Open Channels by Experiments 
detailed below (Art. 8) ; the elevation was found to be very small. 

[Observe that Resnlt (1) has as yet been proved applicable only along stream-lines 
of fluid in *' steady motion". Now it will be shown (Ch. VI, 4) that the motion of 
large bodies of water is eminently unsteady : also the Experiments above-mentioned 
could not of coarse be done in *' stream -lines "]. 

8. Still*Water Gauge, Permamemt. — If a large pool of water can be 
arranged in the bank communicating with the free channel only by one or 
more fine passages, the water-level in the pool will often be found to be 
sensibly stilly and vdll stand of course at a level giving a hydrostatic pres- 
sure in the channel of communication equal to the hydraulic pressure in 

• Lamb's " Mathematical Theory of the Motion of Fluids ", Cambridge 79, Art, 38, 89, 80. 
t Su « Katare ", Vol. XIU. of '75, pp. 90, 91 . 
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the free channel at the month of the samoi and, therefore, presamably a 
little below the Free Water- Lerel (Art. 2). A Gaage inserted in snch 
a pool giyes the Still Water-Leyel with great accuracy. This is a yery 
conyenient arrangement. 

The fine '^ passages " are liable to become choked with silt, weeds, &o., 
which would render the Qange-Beadings false: this requires constant 
attention. 

[At three of the Experimental Sites (Belra. Jaolf and Kamhera) permanent Ganges 
were pnnrided inside still water masonxy tanks (or Qange-BasinB, Fl. IV, V, VI), 
commnnicating with the free channel by three small paaaages at different levels. 
This arrangement was yery conTenient, and the Readings conld be taken with great 
accnracy. One of the passages was cleared ont every day before taking the first 
reading of the day, to ensure free commnnication with the Free Channel]. 

4. Still-Water Oauge, Tbmporary, (PL XXIY, 1, 2).— An attempt 
was made to secure for the case of Earthen Banks the adyantages of a 
permanent Still- Water Gauge by the following temporary arrangement ; 
consisting essentially of two parts, yiz., (1), a Stand-Pipe ; (2), a Float- 
Stick. 

4a. Stand Fipb {Fig. 1).— A cylindric Hpe (OB) of sheet tin 8' diameter was 
erected upright in the steep bank with its lower end closed- (by a tin disc (B)), and 
placed at as low a level as conld be conveniently reached by digging into the bank, 
(the water prevented its being snnk more than about 3' below the water-level,) and 
with its upper end open, and above high water-level. A small lead pipe (^) (of J' 
bore) was soldered into a hole (0 in the tin Stand-Pipe abont 8' above its foot, (this 8' 
space (Bo at the foot being intended as a Silt-Trap,) and carried ont a short distance 
into the free channel : a length of abont 1' at the free end (throngh which the water 
entered) was bent vertically downwards and pinched together at the orifice so as to 
form a contracted nozzle (n) pointing downwards ; the contraction was intended 
partly to prevent the entry of weeds, &c., into the Tnbe, partly to check the oscillation 
of the water therein. The water stood of conrse in the Stand-Pipe at a height giving 
a hydroitatic head above the orifice (n) snflSdent to balance the pressure at that ori- 
fice, and, therefore, presumably a little below the level of the water in the free channel, 
(Art 2). 

4b- Ploat-Stiok (Fig, 1).— The only convenient way of determining the water- 
level inside the Stand-Pipe seemed to be by the nse of a Float-Stick (similar to that 
of a Rain-Gange), the water being genvally too low down within the Pipe to admit 
of any direct admeasurement 

The Float-Stick (OF) consisted of a slender |*gradaated cylindric Stem (G) of a 
light wood fixed upright in the centre of a hollow cylindric Float (F) of sheet sine of 
diSmeter a little less than that of the Stand-Pipe, so as to float easily in it The upper 
end of the Stand-Pipe was fitted with a movable loosely fitting tin cap (G) (of doable 
sheet tin BO as to secure some stiffness) with a short tin Tnbe (g) of aboot 4' diameter 
by about |' length fixed (perpendicular to its plane) at its centre. When in nse this 
Cap (C) rested on the top of the Stand-Pipe, and the Stem (G) of the Float-Stick 

L 
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projected through the short Tabe (ff), the upper end of which then senred as an IiT' 
DIOATOB for taking the readings on the graduated Stem. The Redaced LeTel of the 
Indicator (when in position as in nse) was found hj connecting with the nearest 
masonry Bench-mark. 

The FloatrSticks were gradoated/r^m the top downwards, so that an increase of th^ 
reading on the Stick showed a Rise of water-leyeL Hence the Bednced Lerel of the 
still Water-surface was to be found thus^ 

•D T ^* -4411 ««**« .n»««^ J K» ^* of Indicator + Reading on Stick - 

E. L. of still water-smrface = | -constantheightof zero of stick above water, (3). 

Three of these Float-Sticks— one 8', one 6', one 10' long— were made np for each 
Stand-Fipe ; the shorter ones for use at high water, the longer ones at low water. 
Being obnouslj yery delicate, they were protected, when not in nse, by being placed 
inside tin tubes {Fig, 2) of same length, with a funnel-shaped head to reoeiye the 
Float (F). Inside these " Frotectors " they could be safely carried about. The deli- 
cacy of these Float-Sticks is of course an inoouyenience, as the fracture of the larger 
one might render the Instrument temporarily useless. 

4c« ^'^ ^f ^^ Gat<^«.— When about to be used, the first operation was to ascer- 
tain if there was free communication between the Stand-Pipe and the Free Chan- 
nel. A quantity of water was poured into the Stand-Pipo, after which the Float- 
Stick was introduced, and the Cap placed in position. If the water-leyel gradually 
fell within the Stand-Pipe it was judged to be in working order ; the lowest reading 
obtained (when the water had ceased to fall) was taken to be the correct reading. 

[Three of these Stand-Pipe Gauges were tried for some time along with the Tem- 
porary Free Gauges to be described below, at and near the Fifteenth Mile, Old Site, 
Tiz., one at each of the Slope-points (ph. VII, 2a) 1000' aboye and 1000' below the 
Site, and one at the Site itself. The Results are detailed in Art 8. After a while 
the Stand-Pipe at the lower Slope-Point seemed to get out of order {see Art 8). 
Trota the uncertainty attending this, their further use was entirely giyen up. 

The Still Water-Leyels (already obtained) were retained only for the Experimental 
Site itself {see Tab., Art 9), but were entirely rejected for both Slope-points {see 
Tab., Ch. VII, 8), except indeed for the sole purpose of contrasting with the Free 
Water-Leyel, Art 8]. 

4d. Conclusions. — From the experience gained, it would seem that the Instrument 
in the rough form aboye described cannot be depended on in a stream bearing silt, 
weeds, &c, from the liability both of becoming clogged, and of separating at the 
joint {I) (a point of weakness), which might destroy the free communication with 
the water. But if made and erected in a more permanent fashion, so that the 
constancy of level of the *' Indicator " can be depended on, and if efficient means 
of clearing the communication with the free channel be provided, there can be no 
donbt that the Instrument would have all the advantages of a good Still Water- 
Gange. 

6. Free Water-LeveL—In the absence of a Still Water-Gange, the 
Free Water-Level mnst be determined. Its oscillations will be found 
too rapid to admit of observing with certainty — even in calm weather — 
any but the highest and lowest water-levels. Even these levels are 
variable, there being frequent phases of high maxima and low minima. 
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In a high wind the micertainty is much increased. 

The practiee of these Experiments was to watch the water-surface (with the eye 
as close to the water-surface as was practically possible) for about half a minute, 
and record the " highest maximnm and lowest mlnimom " within that time. It was 
then assumed that — 

Ayxbaoe Fbbb Watee-Leyel = Mean of ''highest mazimnm " and ** low- 
est minimnm ", -.m*. (4), 

and this mean level is the one that was always used for the Free Water'Level in re- 
cording Gaoge-Readings, &c., in these Experiments, whenever the highest and lowest 
levels themselves are not shown. 

6. Standing Free Gauge. — A permanent Standing Gange is tHe 
only convenient way of thus determining the Free Water- Level ; but to 
admit of very accurate reading, it is essential that it should not ruffle the 
water-eurface. This can be arranged in a long straight pretty uniform 
Bank of masonry, or wood, by building the Gauge into, and flush unthj the 
bank, so that the water may slip quietly past without being ruffled ; or in 
an irregular bank (as in an earthen channel) by placing the Gauge in an 
indentation in the bank. 

7. Temporary Free Gauge, (PL XXIV, 3, 4).— In these Experi- 
ments it was necessary to determine the water-level frequently at many 
places where no Standing Gauge existed, and where it would have 
been difficult and expensive to erect one. The following Arrangement, 
which may for shortness be called a Temporary Freb Gauge, was 
found to give very accurate determinations of Free Water- Level, and to 
be convenient in application. ^ 

7a. Temporary Gauge, {I\g. 3, 4).— The essential feature is the provision of a 
number of permanent or temporary Bench-marks in the bank, the lowest of which 
shall be below low water mark, and the rest ranged at conyenient levels, so that there 
may always be fonnd one at a depth less than one foot below the temporary water- 
snrface. It remains then only to measure the depth of water over this last Bench- 
mark. 

Brass Foot-Rule, (B> This was done by inserting a thin brass Foot-Bnle (B), 
made of sheet brass T wide by y^" thick, divided into tenths and hnndredths of a 
foot, into the water with its thin edge to the stream, and with its foot placed upon the 
Bench-marh in question : this thin Rule was found to ruffle the water-surface only 
very slightly, so that it was possible to read the " highest maximum " and <' lowest 
minimum " water-level with great accuracy, to hundredths or even half hundredths 
of feet : (the length of this Rule (one foot) determined the Maximum difference of 
lerel admissible between successive Bench-marks). 

[It is absolutely necessary to the success of this process that the Bench-marks 
should be so arranged that the water-surface is not ruffled in its motion past them]. 

BenchrMarks. The detailed arrangements for the Series of permanent or tempor- 
ary Bench-marks mentioned were as follows :— 
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7b. SMni Enibankment (PI. XXIV, 8>— The erection ol a Stonding Gtnge 
anywhere within ibis length (2f miles) would have been difficult and expenuve. 
The flights of 12 maaoniy steps, each aboat 9' high, (PL II, 2,) afforded, howeyer, 
the mesns of establishing a series of permanent Bench-marks at sboat ST intervals, at 
ail places where the water-lerel was to be frequently determined. 

For determining the water-level when it fell below the lowest step, a << referring 
mark" was cut in the face of the 4' << drop-wall" (PI. II, 2), and the distsnceof 
the water-snr&tce from this mark measured with a Bod or Rule. 

[This last measurement was not susceptible of so much accuracy as in the former 
case, especially if the distance to be measured exceeded one foot, from the impos- 
aibiUty of bringing the eye near the water-surface]. 

7c. Harthen Banks, (PI. XXIV, 4). — ^Temporary Bench-marks were provided by 
driving a series of stout wooden Pegs into the bank at convenient intervals of about 
9* or 10" as far as they could be readily driven with a mallet ; the heads were then 
sawn off roughly horizontal. A brass headed nail with a round head (m) was then 
driven home on the top of each Peg : the rounded top afforded a definite level (not 
easily mistaken) upon each Peg to serve as <* temporary Bench-mark ". 

[In some cases (at the Slope-Points connected with the Belra and Eamhera Sites) 
this series of Pegs was retired in a pool formed in an indentation in the bank, and 
partially cut off from the free channel by a rough earthen Dam, so as to form a nearly 
still water pool]. 

A masonry Pillar was built on the bank near to the series of P^ to serve as a 
*^ permanent referring mark " : the levels of the ** temporary Bench-Marks " wei6 
checked by connecting them (by levelling) with this referring mark as often as was 
thought necessary, sometimes daily, sometimes weekly* 

7d. Ineonvenience of temporary arrangements,— The constancy of level of the 
** temporary Bench-marks " cannot be depended on in soft soil, nor even in firm soil 
when freshly driven ; and they are liable to be tampered with by passers by. The 
necessity of frequentiy cfaeckmg their levels is of course a good deal of trouble in 
extra Field-work. 

The temporary arrangements described give also some trouble in office in reduction 
of the Field-records to a common datum, all of which is saved by the nse of a 
Standing Gauge. 

8. Free higher than StUl Water-Level.— This Result, rendered pro- 
bable by the argomente in Art. 2, is confirmed by the following Experi- 
ments nndertaken chiefly to test the use of the Stand-Pipe Gaage. 

JS^eriment, Three of the Stand-Pipes above described were erected ahngeids 
of three of the Temporary (Peg) Ganges above described in use at and near the 
Fifteenth ICile, Old Site, on the Left Bank, via., 

One of each at the Slope-Point (Oh. VII, 2a), 100(K above the Experimental Site. 

One of each at the Experimental Site. 

One of each at the Slope-Point (C9l VH, 2a), 1000' below the Experimental Site. 

The Still and Free Water-Levels of the same place were determined in sueeeseUm 
(i«., not simultaneously) by tiie same Observer from the Stand-Pipe and Peg respec- 
tively, in oonnoxion with the Discharge-Measurements detailed in Tab. XLIX. in 
progress at the Experimental Site. The Results reduced to a common Batom 
(870* above EariLehf Bfean Sea Level) are shown in Tab. LXXV. 
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[These Bxperiments would haye been better for this pofpoBD if the 8tiU And 
Free Water-LeToU of the same place could have been determined simuUiuumuiif : 
unfortunately this was impoaaible with the Staff ayailable consistently with the pro- 
per ezecation of the other more important work in hand. The actnal intervals of 
time between the Still and Free Water-Leyel obeerrations was about a minote or two 
on each occasion]. 

It will be seen (<etf Table) that oat of 63 (jLe., 21 + 24 + 18) trials, the Free 
Water-Level is slightly higher than the Still Water-Level in 54 trials, coincides with 
it in 8 trials, and is the lower in only 6 trials : moreover, these last 6 depressions 
occur at one place, on only 8 days in all, and are all oomparatiyely large, so that it 
seems qoite probable that the Stand-Pipe concerned was out of order on those daySs 

From the above it may be fairly concluded that-* 
''The Free Water-Level is in genefal hig^ than the Still Water-Level by a 

small quantity ", ^ -..•••••••.•••.•••• — •• ••••.(5]^ 

whence follow the important practical Oondoaions— 

" When great aocnracy is required, die Free WateHtievel should be tsken ", (Oa). 
''For ordinary practieal purposes, it matters little whether the Free or Stifi 

Water-Level be taken, bat it is desirable to adhere oonstsntly to one or the 

odier at the same spot**, ^ (6ft). 

9. Waier-LtoeU at each iStto.— The different modes of determining 
the water-leyel at the different Experimental Sites, are shown m the Ab- 
fltract below. 
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10. Oange-Beading.— For sHortnen' sake the height of water-leyel 
above any conyenient datum will be styled a Gaugb- Reading, whether 
obtained as an actaal reading of a permanent Gange, or by any of the 
temporary arrangements aboye described. 

11. Water-Levehf Both banks, — In determining the water-level at a 
Site by observation on one bank, the qnestion naturally arises whether the 
Free Water-Level is the same at opposite points on either bank in 
calm weather, and whether it is affected by wind. 

Sxperiffienti, To test this point, a series of careful Experiments were made on 
f onr different days, viz., on two days in a perfect calm, and on two other days in a high 
wind across the canal, (one from right to left bank, and one from left to right bank,) 
aU at the Solinf Embankment Main Site, which is very favorable for aocmate deter^ 
mination of the free watsr-level, (Art 9). 

To obtain the highest possible precision, the Average Free Water-Levels CArt 6) at 
the opposite banks were in every case determined as nearfy aspoariile timuUameous^ 
by two Obseryers acting in concert, thns — 

** The two Observers knelt down at the water's edge on opposite banks at the same 
time, and noted (by the mode described in Art 7) the highest maximnm and lowest 
minimom water-leyel which occnrred at their respective stations iriMm about the 
same half-minute. The Mean of these readings was accepted (Art 6) as the Ayer- 
age Free Water-Level on either bank : and the difference of water-levels at the two 
banks foond by applying the known reduced leyels of the steps. Each snch obser- 
vation was repeated seyeral times in succession ". 
The details of these Experiments are given in Tab. LXXVI, LXXVIII. 
An Abstract of the Results is also given in Table below : the following abbrevia- 
tions are nsed — 

R > L stands for Right Surface higher than Left 
L > R stands for Left Surface higher than Right 
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•030, L>R 
•014, R>L 



The state of the Wind was observed at beginmng and end of each Series of Ex- 
periments : the mode of recording it is explained in Art 21. 
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From the abore Abstract the following Conclasions may be drawn :— 

<• Eren in calm weather, the Average Free Water-Levels of opposite banks are 

liable to differ slightly at any one time, (probably on account of the varying state 

of the oscillations,)" - •(7a), 

" bnt are sensibly the same on the average of a considerable interval ", (76). 

*< In a high cross wind the oscillations are greater than in a calm, and increase 

with the wind", .. (7c). 

" In a high cross wind the oscillation is least under the sheltered bank ",...(7(/), 
'* and the Average Free Water-Levels of opposite banks are liable to differ at 

any one time by a good many hundredths of a foot, and irregularly ", - ..(7«), 

** but on the average of a considerable interval the Average Free Water-Level is 

digMy raised at the lank which is exposed to the wind", (7/*). 

fit may seem a matter of surprise that (if the Wind does really raise the Average 
Free Water-Level on the whole on the bank exposed to it) the mean elevation so 
produced by the very high wind in the fourth Experiment is actually much less 
('014 as compared with '080) than that produced by the more moderate wind of Ex- 
periment No. 8. But the fact is that the difficulty of the observation increases 
rapidly with the height of the wind on account of the violence and irregularity of the 
oscillations caused, so that the last Experiment is by no means so trustworthy as the 
third : the uncertainty is well shown by the magnitude of the ** Divergence " ('1^^) 
of the Besults]. 

As it appears thas that the Average Free Water-Level is liable to 
differ considerably on opposite banks (and also at other parts* of the 
snrface) at any one moment, it seems desirable to adopt for the Average 
Free Water-Level at a Site some quantity independent of the particular 
bank of observation : the only obvious simple (t. e., easily obtained) mea- 
sure thereof seems to be the following : — 

" The Average Free Water-Level at a Site = Mean of the (simultaneous) Average 

Free Water-Levels on opposite banks", (8). 

With this definition, the following practical Conclusions may be drawn 
from the above Experiments : — 

** In calm weather and also in a moderate wind the Average Free Water-Level at 
a Site may be determined with sufficient accuracy for most purposes by a single 
complete observation (t. «., of both max. and min. oscillation) on one bank ",...(9a), 
** and in calm weather with great accuracy by several complete observations,"(9£). 
** Observations woald be necessary on both banks in a very high cross wind to 
secure even moderate accuracy, and also in a moderate wind to secure great ac- 
curacy", ~ ^ (9c). 

12. Mean Water-Level.— It frequently happens that the Water- 

Lbvbl in question changes somewhat daring the course of an Experiment. 

To meet this difficulty, the practice in these Experiments was to observe and record 

• See Basin Ezpto., Atlu, Fl. XIX— ZZIII, & XXVI, (wherein many cnMs-tections of water- 
gufkoa are flgaxed ;) otHee Ch. VIII , 2a of this Work for brief abstract of aame. 
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in the Field-Bode the ATenge « Gango-Beftding " at the heffinniiuf and ofom at the 
end of each Sibt of EzperimentB of any one kind : and it was then aetumed that for 
all pnrpoeoa of calcolation or diacnflrion— 

"Mban Watbb-Lbvbl (of the Experiment) r= Mean of initial and fcud 

Water-Lerela ", ..^.••»....^ ^ - (lOo), 

and aimilarlj— 
** Mean Qange-Reading (of the Kzperiment) = Mean of initial and final (}ai^e- 

Readings", ^ 10»). 

Entrff in TahUe. This last quantity— the Mean Gauob-Beading — ^is what Is 
entered in OoL 2 of most of the Detailed Tables as the ** Argnment ", or quantity 
showing the state of the water-lereL The variation of water-level (or differenee 
between initial and final Gauge-Readings) is also given alongside to show the state 
of steadiness or nnsteadineiw of the water. 

[In the sub-column *< Variation" (of water-level) throughout the Tables, a Bbsb 
of water-level is indicated by the sign + , and a Fall by the sign - ]. 

18. ATerage Gross-Sections^— In the case of Sites with nneyen beds, 
it would seem always necessary to obtain a sort of A verage Croae^Sectwnf 
by taking Bonndings right across the channel at sereral oioss-sections 
a short distance apart, so as to eliminate the effect of casnal irregolari- 
ties of the bed. This seems especiBlly necessary when the Besnlts are 
to be used in connexion with Float-yelocities, which are necessarily only 
a sort of Ayerage yelocity along the Float-Course. For this case the 
AysEAOB Depth along the Float-Oonrse, or perhaps eyen thronghont a 
longer line, should be obtained. 

BouKDiNG CouBSB. This term will be used for shortness to denote a 
line of Bonndings parallel to the Current-axis. 

[The number of croes-aections sounded over in all the large modem Experiments 
witii Floats, from which the Average Cross-Sections were obtained, is shovm in 
Tab., Ch. IV, 26b. It will be seen that only two Cross-sections were sounded over 
in most of the large Bivers. This seems certainly far too few for the purpose]. 

18a« Vraetiee on thU Worh.^Ki all the Experimental Sites with uneven beda. 
Average Cross-Sections of the bed were obtained by taking Soundings right across 
a number of (from 6 to 8) cross-sections at 25' to 5(/ apart ranged above and below 
the centre of the Site (as m Sketch, PI. VH, 2>, viz., 
8 Croes^eotions at 50' apart in all the wide channels. 
6 „ n n 2^' n in the Distributaries. 

The Soundings were taken in Sounding-Courses aligned with (and extending 
beyond) the Float-Courses, (defined by the lines of Pendants,) which lay over the 
bed. The mean of the depths in each Sounding-Course was accepted as the 
AyBEAOE Sounding in that Course, and is the only Result of the kind used 
throughout the Work. 

Thus the AyEnAGB SoirNBiNa is the average of from 6 to 8 Soundings covering' 
a space of 125' to 200' (along the Sounding-Course) which includes both the *< Dead 
Bon ", (he *< Bun '* itself, and a short space below the ** Run". 
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lUgular Banks. Over permanent roasonry banks, and also oyer regnlar earth slopes, 
no Sonndings were taken, as the'Cross-section (of sach portions) was more accurately 
obtainable by measorement These cases comprise-— 
Earth Slopes, At the 15th Mile New Site, (PI. n, 1.) 
Masonry Steps, At the Solanf Embankment Sites, (FL II, 2.) The levels of Treads 

of Steps were foond by levelling. 
Masonry Slopes, At the Belra and Jaoli Sites, (Fl. IV, S, & V, 8.) 
ISb- Frequency of «(?vmliff^.— The bed and banks of the Ganges Canal are— 
wherever not artificially protected— liable to constant irregular change, by erosion at 
high water when the current is strong, and by partial silting at low water when the 
current is slack : and even where artificially protected, the bed is liable to partial 
silting at the period of very low and slack water which occurs just before the closure 
of the Cknal for repairs, &c., and also just after the re-openiny (after repairs), soon 
after which the Silt deposit is swept away by the current. It was accordingly neces- 
sary to determine at frequent intervals the Average Cross-Sections at all the Exper- 
imental Sites in Earthen Channels. This was of course not equally necessary in 
tiie Sol4ni Embankment, the bed of which is protected with frequent brick and 
boulder bars, (Ch. Ill, 9,) or in the masonry channels of the SoUni Aqueduct 
The actual dates of Soundings are shown below. 
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IV 
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14. Gross- Sbctions, Tables and Diagrams. — The Resnlts are shown 
in Tables and Plates, somewhat differently for the wide and narrow 
channels. 

14ft. Wide Channels, (Tab. I to IV, & PI. II, IV, V, VI, XXVm).— The Results, 
viz., the AVERAOBa in each Float-Course, obtained from the Soundings, reduced in 
every case to a common datum for each Site, are shown (In old face figures 4*32) in 

H 
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Col 8 of Tab. I to IV, each line of which may therefore be held to show an AVSKAOB 
Cboss-Sbction of the Site. Underneath each *< Average Height of Bed abore 
datum" ift shown (in old brevier figures, aa 2*9) the fiAKGB of the depths along the 
Float-Course concerned, ue., 

" The difference between the max. and min. Soundings along the Float-Course". 

These figures will give an idea of the roughnese of the bed. Thus it will be seen 
that the Soundings vary frequently by 1|' along one Float-Course. 

The (actual) Central Depth (in general nearly the greatest depth) is also giren 
in Col. g for each day of Soundings. This will give an idea of the difficulty of 
taking the Soundings on each occasion. 

The last line of each Table shows (in italic figures) the Rakoe of the Ayeeagb 
Heights along each Float-Course throughout the whole eea^on, i. e., 

«The difference between the maximum and minimum Average Heights along 

the Float-Course ", 
and may be held therefore to show roughly the amount of change (erosion or silting) 
that took place in the season. 

Diagrams of one or more of the typical Cross-Sections of each Site are given in 
Fl. II, lY, V, VI, and XXVUI, on a common scale of 25 feet to an inch. These 
Cross-Sections are also repeated at foot of all Plates of Transverse Velocity-Curves 
(PI. XXVI to XL). 

14b- Distributaries, (Tab. LVI, & PL Xli.)— In consequence of the small num- 
ber of Experiments in the Distributaries, it was found more convenient to print the 
Results in the form of AVEBAGB Soundings (or Average Depths below the actual 
water-level), and in the same Table (LVI) as the velocity-measurements in connec- 
tion with which the Soundings were taken : they are shown in OoL 6 of Tab. LVI 
in the lines marked *' Depths", with their ** Ranges" (or difference between greatest 
and least Sounding obtained) printed underneath. Each such line, therefore, shows 
an Average Cross-Section of the Site. 

The Cross-Section Diagrams are given on PL XLT on a scale of 10 feet to an inch. 

15. Average Depths. — The Mean Watee-Lbyel having been deter- 
mined (Art. 12) for every Set of Experiments, the Average Depth 
along any Float-Course in any particular Set of Experiments was found 
as follows: — 

Zevel Bed, (Solini Aqueduct). The Average Depths were assumed to be the same 
as the Average Gauge-Reading, the Gauge-Zero being on the floor of the Site. 

Uneven Bed, The Ayerage Depths were found by appljring the change of water- 
level since the day of sounding (say AA) with its proper algebraic sign to the 
known Average Sounding (A). 

Thus in all cases the estimation of Average Depths depends ultimately 
on the correct determination of water-level^ and is therefore difficult on a 
windy day: hence {see Art. 11) — 

'* The Average Depths are liable to over- or nnder-estimation (by a few hun* 
dredths) in a wind blowing across the stream according as the Water-Level is 
taken on the lee or sheltered shore ", (11). 
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Effect <m*l>Uchar(^e'meaiur&ment,^AB the depth enters directly as a factor into 
most* computed Discharges (both Discharges past a Ycrtical, and Cabic Discharges) , 
this source of error can by no means be overlooked. 

16. Sounding Bod, (Pi* VII, 4).— This was a wooden Bod from 1 1' to 15' long 
of H" X 11' square section, marked in feet and tenths of feet— in such a manner that 
the snbdiTisions were easilj recognizable at 100' distances as follows, {see Fig.) : — 
Opposite faces of the Sounding Bod were exactly alike. 
On anj one face (and on the opposite face), ererj alternate foot only was subdi- 

yided into tenths, each tenth being painted alternately all black or all white ; and 

the intermediate feet were painted either all black or all white alternately. 

On adjacent faces the subdivision and painting was quite similar, but the mono- 
chrome and graduated feet were alternated. 

The Bod was fitted with a sheet-iron *' shoe " about 4)' diameter to prevent its 
sinking into the silt or into accidental (small) holes between bricks, boulders, &c, on 
the bed ; this shoe was loaded with sufficient lead to carry the Bod quickly to the bed. 
The head of the Bod was fitted with an iron ring to which a light rope was attached 
to save the entire loss of the Bod in case of its slipping out of the lumds of the man 
who wielded it, (as sometimes happened.) 

VJm Mode of Sounding, (Wide Channels). — ^The Soundings were taken from a 
boat with the Sounding-Bod just described : the reading being done from shore. 

The two BOPES being placed in their " working positions " with their train of 
Pendants complete, (Oh. lY, 18,) defined two of the Cross-sections ieee PI. VII, 2), 
on which soundings were to be taken : the remaining six cross-sections were defined 
by marks laid out on the banks. 

The Boat was then aligned in any one of the lines of Pendants some distance 
above the upper section ; and when all was ready, allowed to fioat gently down the 
stream* One of the native StafE let the Sounding Bod into the water and kept lifting 
it up a few inches (or as much as was necessary to let its foot escape the irregulari- 
ties of the bed) and letting it go, whilst the Boat floated gently down-stream, holding 
the Bod as upright as possible. In this way of sonnding—with the Boat in motion^ 
the disturbance of the water round the Sounding Bod was reduced to a minimum. 
The alignment of the Boat in the line of Pendants was preserved by tow-ropes han- 
dled by men on either bank, who walked along the bank with the Boat as it floated 
down-stream. The Junior Observer sat in the Boat and directed the alignment by 
aliening the Sounding Rod itself with the line of Pendants. The Senior Observer 
walked along the nearest bank, watching where the water cut the Sounding Bod : 
and noted the reading just as the motion of the Boat carried it into the cross-sec- 
tion desired ; the proper moment was indicated by one of the native Staff standing 
on the Bank in the plane of the cross-section, who called out just as the Sounding 
Bod crossed that plane. 

17a. Precision of Soundings, — Sonndings made as described, t.«., with 
a Sounding Rod read from the banks, cannot be taken eyen under fayor- 
able circnmstances (i.e., in a narrow channel and in slack water) much 
closer than the tenth of a foot. 

* Not into Diaoliarg«8 part a Transversal, (0^., Sorface-, Mid-depth-, lie., Dlachargcs.) 
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In ftluK Bxperimeiiti the Soundiiig Rod was always read tmhf U iU tmrttt UmA 
iSf «/(Mt/ oeeaskmanjtliiscoaMnot bedooB witiieertaiiity. But gnat aeeonej in 
reading the Soonding Bod woold hare been qnite nacleas on aeeoont of the nn- 
evennesB of the bed, the aoridental rises and hoUowa in whidi were oAen 1 foot, and 
sometinics more, C$ee Tab. I— IV.) 

The Atkraob SonsDiXGS obtained— as the mean of ax to eight aoandings 85' 
to 50' apart in each line of Pendants— can alone be afccepted as approximate Atbb^ 
AOB SouHDnros gcMraUy eorreet ia ike ueareti taOk of a foot ; hot aoeaxacj 
in the hundredths cannot be depended on. 

[Greater precision in the AYBKAas SomrnorcM ooold only haTe been obtained bj 
increasing the number of cross-sections sounded over : but the labor of obtaining 
soundings oyer a larger number was qnite prohibitory. The woric described, jvl^ 
sounding OTer eight cross-sections in from 15 to 19 Somiding-CoarKB usually occupy- 
ing 4 hours of work fatiguing to the whole parfy]. 

1 8. Hydraulic Elements, Cokputatiobt. — It is proposed to apply the 
term Htdraulic Elbhehts to the following quantities which are of 
frequent occnrrence in Hydraulics :— 

Gauge Beading (A or H), Central Depth (H), Suifaoe-breadth (ft), 
Wet-Border (B), Area (A), Hydraulic Mean Depth (B). 

These quantities yary generally with the water-lerel, defined by the 
€(auge-Reading {h or H), and require therefore special determination for 
any particular water-leyeL 

It seems necessary to explain here the mode of computation employed. 

Compuiati&n o/B^b^'B, B. These call for no remark. 

Computation of A. The f onnuls used were in all cases the best simple approxima- 
tion-formuUe (Simson's Bale, Cubic Rule, Weddle's Rule, &c.) known : they will be 
found fully detailed in the Chapter on Discharge-oompntaticm (Ch. XESI): the fonnnls 
being of same type in both cases, it has been found most oonvenient to giye them in 
detail once for all* in that Chapter. It will suffice to say here that it is by no means a 
matter of indifference what fiinnulsB are used, for it will be shown (Ch. XIX) that, 
in channeU which are as a whole concave throughout^ the use of simpler formulc 
than those used in this Work (e.^., the Trapezoidal Rule) tends to under-eitimaiuM 
of the Area. 

The labor of computation — especially in the case of the channels with 
changing beds— is yery great. Isolated yalues must of course be com- 
puted directly ; and this work admits of no abridgment except such as 
can be had from methodical computation on ruled forms. But where 
many yalues are required, e,g,, in forming a Table, it suffices to compute 
directly a number of fundamental yalues at moderately close intenrals, 
and also at every paint of discontinuity in the cross-section, (such as Uie 
treads of steps, PL II, 2,) and to interpolate the remainder. 

18l^ Earthen Channels.—ln. the case of Earthen Channels, the yaloes of H, b, "B, 
• Ste Abstract T^b. 11 for detail of formnbe nwd at eaoh Site. 



Digitized by VjOOQIC 



▲BT. 18a— 19. S5 

A, were compaiad directlj, le., from the Average Depths only for the gaBge-ieadinge 
(A) of each day on which Soundings were taken (Art 18b) : these were the fnndft- 
mental Taloea. Por other water-leyelB, the Bed was aasumed constant, and the ehanffee 
of H, 6, B, A corresponding to the changes of water- leyel (AA) were computed, and 
iq^plied as " corrections " to the f ondamental Talaes of H, (, B, A. The changes in 
question can nsnally be computed mach more readily than new yalaes of the primary 
quantities, especially when there are permanent banks of masoniy at nnif orm slope. 

For yery small changes of water-level (sach as "Ol or -02), the yalne of B was 
often obtained by simply assuming its " change '' to be equal to the change of water- 
leveL Bnt for larger changes of water-level, the valne of B was always obtained by 
direct division as the quotient B-^ A, the ** change" of B not admitting of ready 
computation. 

1 8b. Side-Slopee qflin 2.^The above process is particularly easy of application 
in the case of Side-slopes of 1 in 2 (as at the Belra and Jaoll Sites). For it is clear 
that these Side-slopes are such that — 

Bise : Base : Slope = 2 : 1 : v'S = 1 : J : M18, ..^ (12), 

Hence the true surface-breadth (^o) having been found (once for all) for any given 
gauge-reading (A), it is clear that for any given change of wateivlevel (Ah), 

(Change of water-surface (A6) = change of water-level (AA), (18). 

Also the true Wet-Border (B) and Area (A) having been computed from the 
Soundings for any given gauge-reading (A), it is clear that for any given change of 
water-level (AA), 

CJhange of Wet-Border (AB) = 2-286 Xchange of water-level =2*286 XAA^ (14). 
Cliange of Area (A A) s ^ (ft^ + b)x change of water-level, 

= i(>o + ») X AA = (Jo + 4 AA) X AA, (15), 

where h^ =s water-surface of day of Soundings, 

h s water-surface of time of Expert. = ftg + A^o = 3o-l- A A, (16). 

[Similar formula might of course be readily constructed for any other side-slopes]. 

19, Detail published.— To save the labor of such calculation hereafter, their 
yalnes are given either once for all in special Tables, or else in such detail as seemed 
requisite in the Detailed Tables of velocity-work. 

£arthen ChatmeU, The bed being liable to change, the yalnes of each of the 
quantities (H, &, B, A, R) have been given in detail wiih each day's wcri, (Tab. 
XUZtoLVI) computed from the Average Cross-Sections given in Tab. I to IV, 
andLVI. 

SoidtU Bmhankment Minor Sites, (Surface yelocity-work only). The yalnes of 
H, 6 are given tn detail with each day's work, (Tab. XXXIU). The work being 
of comparatively little importance, it was considered unnecessary to compute the 
▼alues of B, A, B : they can be computed ftom the Average Cross-Section figured in 

PLxxvra. 

Soldni EnHankment Main Site and Aqueduct Sites. On account of the assumed 
permanence of the bed at these Sites (Cli. HI, 10a, 12a) it has been possible to present 
the values of the Hydraulic Elements in short special Tables (Nos. V, YI) for ready 
reference. These will be explained below. In addition to this, however, the yalnes 
of the more important elements (fl, b, R) have been g^ven tn detail with each day's 
work in the case of all Transverse Velocity- Curve work, (Tab. XXIX to XXXII, 
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and XXXIV to XLVin,) bo that for this sort of work reference to the special Tables 
is required only for the yalnes of B, A. 

19a. SoUni Embankment Main Site.^Two special Tables {see Tab. V) hare 
heea prepared, one for the whole of the Two-Year Period (August 76 to Angnst 
'78), in which the bed was fonnd nearly constant, and one for the subsequent period 
witii yariable bed. 

The latter shows the values of each of the quantities H, }, B, A, B, for the actual 
water-level (defined hj h) of every Experiment made in this latter period, the Experi- 
ments being few in number. 

The former shows the values of each of the quantities H, i, B, A, B throughout 
the whole range of water-level as follows : — 

1^ Below the Steps. At or near the water-level of every actual Experiment 
2^, Above the Steps. At the level of the Tread of every Step, at '01 above eveiy 
Tread, and at eveiy tenth of a foot. 

An easy interpolation gives the values at any intermediate leveL 

This (Two-Year) Table was computed from the Average Cross-Section of the bed 
obtained by soundings on 1&8-76 (Tab. I), together with the cross-section of the 
steps obtained by levelling done about same time. The former (August '78 to April 
'79) was computed for each day from the soundings most recently executed (Tab. I), 
together with the cross-section of the stops obtained by levelling in September '78. 

Lit should be noted that the steps are of somewhat unequal height, and the 
treads of coiresponding steps on either bank are — probably in consequence of un- 
equal settlement— on different levels, (the left bank steps being about *15 the 
higher :) the steps average 1^' tiead with •75' rise ; their levels may he seen in 
Tab. y. These inequalities, and the abrupt change of figure at eadi step, have 
involved very full detail in Tab. VJ. 

19b. SoUM Aqueduet8.^The special Tab. (No. YI) has been prepared from the 
enlarged Cross-Section of the Right Aqueduct given in, PL 1, 3, and shows the values 
of each of the quantities i, B, A, R as follows :— 

1®, Below 4'. At or near every gauge-reading (H) at which Experiment was done. 
2®, Abate i'. At every tenth of a foot of gauge (H). 

8°, At every point of discontinuity of the contour ; these correspond to A or H 
= 2'00, 7'-80, 9'-87, 9'-86. (see PL I, a) 

For gauge-readings intermediate to these, the values can be found by an easy inter- 
polation. The Table applies in strictoees only to the Bight Aqueduct, but has been 
used for the Left Aqueduct ; the Aqueducts are so nearly similar that the error in- 
volved must be small. 

20. Hydraulio Moments, DiflCJOHTin urrx.— it is obvious that, as a general 
rule, the values of each of the quantities H, 6, B, A, B, increase and decrease with 
rise and fall of water-level : but this is by no means universaL In the first place in 
earthen channels with beds liable to change, every re-determination of the cross-sec- 
tion figure is liable to cause a change in the values of each of these quantities even 
for the same gange-readin^f and to quite destroy any regularity in their increase and 
decrease. This will expUdn sufficiently the irxegularities noticeable in the case of the 
earthen channels (Tab. XIIX to LVI). 

Next in permanent channels, (and also in changing chanhels between each new 
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determination of the crofla-aectiont) the changes of these qnantitieB are of different 
character, viz., 

1^ The Talaea of H, B, A always increase and decrease with rise and fall of 

water-level. 
2°. The yalae of I nsnally increases and decreases with rise and fall of water- 
level ; bat between vertical banks it is constant, and in the exceptional case 
of overhanging banks its change is the opposite of the change of water- 
level, (as in the SoUni Aqnedacts, PL II, 4.) 
SP. The value of R nsnally increaaes and decreases with rise and fall of water 
level ; bat at evdry abrapt discontinaity, e.g., at the tread of every step, 
(PI. n, 2,) and at every horizontal offset (as in the corbelled footways 
of PL n, 4), the valae of R osaally decreases at first with any very 
smaU rise of water-level, and then increases as the water-level continaes 
to rise. This is of coarse a consequence of the valae of R being the qnotient 
A -7-B ; the valae of B jast above such points of discontinaity inoreasing 
abruptly (by the width of a whole step or offset), whilst that of A increases 
at first very slowly. 

I8ee Tab. V, VI for many instances of this]. 
20a* Hydraulic MexnentSy J>isorepancies,'-lt seems necessary to explain here 
that the Hydraolic Elements for the SoUni Embankment Main Site fignred in the 
Tablea and Plates, differ in a Jew instances somewhat from those of the Standard 
Tab. y. These discrepancies are dae to trifling differences (-01 or *02) ip the levels 
of the treads of the steps as determined at different times. In all snch cases the 
detailed valaes are to be preferred as depending on the standard levels of the time. 

[The differences in question are liable to cause discrepancies of like amount (*01 
or "02) in the valaes of H, R ; no discrepancy arises in the value of i, except when 
the water-surface is nearly flush with the tread of a step, in which case they are 
liable to cause discrepancies of the breadth (1*2') of a whole step in the value of 5, 
and of about '05 in that of R, {see Tab. XUV, Ser. 161 for several instances ; this 
case is quite exceptional)]. 

21. Wind. — The Direction and Velocity of the Wind were recorded 
nsaally both at beginning and again at end of each Sbt of velocity-work 
of any one kind, as follows :«• 

Direction, This was estimated in the following conventional manner (very con- 
venient, however, for the purpose), viz., by the usual mariner's compass points, uc, as 
N., N. h E., N.N.E., &C., the current-axis being taken as Wobkikg Mebidian, or 
N.3. line, thus— 

A Wind blowing /rom up-stream is reckoned NartJi, 
„ „ from domi'Stream is reckoned South, 

Sometimes the Wind appeared to be in no definite direction ; this is denoted by 
the letter V, which stands for ** Variable ". 

Velocity. This was measured by observing the time occupied in one revolution of 
the primary index of a small Anemometer. The number of chronometer beats (half- 
seconds) elapsed were alone entered in the Field-Book. The published results show 
in all cases the deduced Velocity infyetper second. 

In a few cases special letters have been used to indicate particular states of wind 
not readily shown by the Anemometers, thus- 
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I Stands for Ughi^ ie., too light to move the Anemometer. 

g stands for gutU, indicating tquallff, 
and in a few other casee (when there was no Anemometer available) the following 
special letters haTe been used— 

I for light, m for moderate, b for breexe, h for high, g for gusts (or sqnalls). 
21a. Anemometers. — The Insirasients available were— 

A. Ais-Mktbb (Biram's pattern) by Negretti and Zambra, showing 150' of 
wind per revolation. 

B. Am-MSTEB by Casella, showing 100' of wind per revolntion of primary 
index. 

C. Anemohetibb (Robinson's pattern), by Adie, showing 180' of ^vind per 
reTolation of primary index. 

These Instnimenis were used as follows : — 



SITB. 



15Ui Mile Sites, 
SolAnS Embankment, 

SoUnf Aqnedacts,... 
Belra Site, •.. 

Jaolf Site, 
Kamhera Site, ,- 



March to May 78, 
1876— '79 

l«xoept M under BJ 

'76 to Novr. '78, 
Jany.toMarch'79, 

••• ••# ••• 



Deer. '78& April '79, 
March to May '78, 



Jany. to March '79, 
••• ••• ••• 



Deer. '78 & April '79 
.■• ••• ••• 

••• ... .•* 

Jany. to March '79 



Thns it will be seen that Instmment A was ased almost continnonsly for the two 
principal Sites (SoUnI Embankment, and Aqnednct): and in particnlar this Instmment 
was used during the whole of the Sabsnrface Velocity-work, (with trifling exceptions.) 

[It is unfortunate that these Instruments were of different patterns, especially as 
their indications were foand not to agree* very well, when tested together : but there 
were no others available] . 

21b. Wind-data rough. — The Wind data obtained can only be looked 
on as a rough Estimate of the wind, partly in consequence of the data 
giving the yalnes of the direction and velocity onli/ at beginning and at end 
of each complete Set of yelocity-measnrements of one kind, disregarding 
therefore the change (sometimes very great) of wind during the pro- 
gress of the Field-work of the Set, (lasting say ^ hour to 4 hours,) 
and partly in conseqnence of the nncertainty of the indications of the In- 
struments themselves. 

(It would hare been preferable perhape to hare found the Total Wind passed dur- 
ing the whole time occupied in the Field-work of each complete Set of Telocity-n 



* The Saperintendentof the Tbomaeon College Meteorological Obaexratory, Dr. Morray Thom- 
son* F.RJ9.Bn reports that he has foiml this to be a common fault of Anemometers, efcn TPhen of 
same pattern* 
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anrements of one kind. The only Instrament (A) available from 1875 to 1878 (17.7 
during most of the Field-work) was, howoTer, qoite nnsnited for snch work]. 

Inasmnch, however, as there is as yet no known way of making any 
qaantitatiTe allowance for the effect of the wind, and so eliminating it 
from the actual Float-relocities, it is beliered that the Results obtamed 
are sufficient for the present purpose as below — 

*<The Wind Results are to be accepted only as rongh indications of the presence 

and amonnt of some cause of disturbance of the motion of the water ", (17). 

81c. Hean Wind«— The Mbah Wind of several observations of direc- 
tion and velocity of wind has been found as follows : — 

The RBSULTAirr Wikd was first found by plotting to scale the whole of the 
wind-data (^ Calms" and ** light" Winds- being reckoned as of zero Telocity) by the 
Theorem of the Poltoon of Foboxb (or of veloddes). 

[In finding this Resultant, only snch data could be employed as gave diftniU valuei 
of both the direction and velocitif of the wind, to the entire exclusion of all indefi- 
nite estimates, snch as ** direction rariable", or such as *<high ", ** gusts", &c, for 
velocity]. 

The direeticn of the Mean Wind was then taken the same as that of the Rksult- 
▲NT just found, and the magnitude of the Mean Wind was found by dividing 
the magnitude of the Resultant by the number of wind-data, (excluding of course 
all not employed in finding the Resultant) 

The entries of Mean Wind in this Work have all been found by the above process. 
It will probably be admittod to be the most correct value of the Mean Wind obtain- 
able from the available data. 

[Where a number of velodty-measurements have been made in various states of 
the wind, the Mean Wind seems to be the natural and proper quantity to present 
along with the Means of the velocities, (because the resultant effect on the motion of 
the water itself may be expected to be roughly as this *< Mean Wind ".) But it 
seems questionable whether certain other Wind-Results, e,g,, the Total Wind and 
Maximum Wind do not also require attention at same time. Thus, in the process of 
forming the Mean, Winds in opposite directions cancel each other more or less, so 
that it often happens that the Resultant and Mean Wind of a Series containing 
many high (but more or less opposing) Winds is but small, whilst the Total Wind 
would be large. 
[This Result may be seen in veiy many of the Detailed Tables VII to LXX]. 
Now the difficulty of the Experimentel work increases a good deal with the Wind, 
80 that the *' weight " or reliability of any Series may be said to he pro tanto inver- 
sely as the Totel Wind (divided of course by the number of Wind entries). 
21i Wind,I>iAOBAMS, (PL XXI, XXII, XU V— XLIX>— The Wind (amount 

and direction) is shown in the Flates by firm arrows ( •-or 1) plotted 

from the *' Wind Zero Lines " at the foot of the Plato. The length of the arrow shows 
the magnitude of the Wind, and the direction of the arrow shows the direction of the 
Wind, (the arrow-head always pointing towards the wind't ege,) The " Wind Zero 
Lines " being East and West lines. East and West Winds could not well be plotted 
on them : all East and West Winds have, therefore, been displaced a little above or 

N 
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below these lines for sake of distinetaess. In a few other cases, it has been found 
necessai^ for distinctness to displace the indicator-arrow slightly from the nsnal 
position (with its root on the ** Wind Zero Line '*) : this shonld, howerer, caose no diffi- 
culty in examining the Plates, as the root of each wind-arrow will always be found 
either on the ordinate to which it belongs, or connected with that ordinate by suitable 
guiding lines. 
Calms and Idght Winds are indicated by black dots on the *' Wind Zero lane ". 
A separate Wind Zero Line is used for each sort of Field-work for which different 
Winds are recorded, thus — 

PL XXI, XXn, XLIV contain only one Wind Zero line. 
PL XLV to XLVni contain three Wind Zero Lines, (corresponding to the 
Mean Velocity-, Central Surface Velocity-, and Surface Slope-Results). 

PL XLIX contains two Wind Zero Lines (corresponding to the Mean Velo- 
city-, and Central Surface Velocity-Results). 

Again, on PL XIIX the Wind is shown twice, i^., for both beginning and end of 
each separate Ssr both of Mean Velocity- and Central Surface Velocity-work by 

arrows with flat and sharp heads ( | and > ) respectively. Thus two 

arrows are plotted for each ordinate from each *< Wind Zero Line " : with winds in 
different directions, each arrow has its root on or near the Zero line ; when both 

winds are in the same direction, the second arrow ( »>) starts from the head of 

the firat, (thus 1 ^g= 1 + >►). 

In the other Plates, only one Wind (vis., the Mean Wind of the Series) had to be 
shown for each Result. 

2% Bedneed levels.— The whole of the Bednced Lerels giTcn in 
this Work are referred to the Great Trigonometrical Surrey of India 
Datom (Mean Sea Lerel at Karichl) : those determined by the Experi- 
ments' Staff haying been invariably connected with at least two of the 
Canal Bench-marks for this purpose. 

The Reduced Lerels of comparatiyely unimportant points, (i. e., unimportant to 
this work) e. ^., of Floors of Bridges and Falls, Crests of Falls, &c., hare been 
accepted from the Canal Records without further rerification, The Reduced Lerels 
of the whole of the Gauge-Zeros— except that of Chitaura Falls Gauge^were veri- 
fied by the Experiments' Staff by connexion with the two nearest Canal Bench- 
marks. 

[The Canal Bench-marks are nearly all on the plinths of milestones, or on the 
plinths of certain pillars in the wing-walls of the bridges. Most of these are 
plaetered, and are otherwise unsuitable for really good permanent Bench-marks. 
The plaster is in many cases worn away, in some cases the milestones have sunk, 
and in some cases seem to hare been mored (?) since the time when they were re- 
corded as Bench-marks. The Reduced Lerels of the Canal Recovds are, therefore, 
frequently inaeourate. For this reason all important UveUinff, (such as required 
for sur&ice-slope* measurement, &c,) was in all cases done independently. Its mere 
connexion with the Canal Bench-marks in no way affects the results]. 
All Hpecial lerelUng done by the Experiments' Staff was always done twice orer 

• For tlie detsU of theddioate lereUing reqvind for tUa, Me Ck. VII, 4. 
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with an excellent 301* Leyel, and repeated nndl all Diacrepanices exceeding •01 of a 
loot were cleared np, 

gj. Pbbcision in Results.— The ^imary data nHed in ealcalatiDg Resolta in 
these Experiments are chiefly Rednced Levels, Gaoge^Readings, Average Deaths, 
Breadths of Channel, and Float-velocities. These were all taken ont (originally) to 
two places of decimals, (t,e., hundredths of feet,) and sometimes (in case of rednced 
levels) to three places. 

All calculations from these data were nsoally taken ont to two places of decimals 
(e^., hundredths of feet,) and sometimes more : many of the Results are of course not 
accurate to two places of decimals, and it has not been thought worth while in such 
cases to retain so many figures in the published Kesults. The number of decimals 
observed, nsed, and retained in each quantity are shown below. 



DlSOHAROfisT 



DBTAIL. 



Depths. 



Obflerved, 
Computed, 
Published, 



2 or 8 
2ord 



2 or 8 

2or8 

2 



Breadths 



Velod- 
ties. 



i 



Saperll- 
cial 



Cubic 



43 
d 

% 

1 



Abstract 
Qnantl- 



2 or 3 

2 or 8 



It will be seen that the principle adopted as to retention of decimals in the publiah' 
ed Resnlts was to retain only— 

l**, 2 decimals in all linear measurements, such as depths, and velocities, which 

seldom exceed 10* or 12*. 
2^, 1 decimal in all considerable lengths, snch as breadths. 
8^, 1 decimal in all superficial measnrements, snch as areas, and superficial 

Discharges. 
4®, 1 decimal in small volumes, snch as Discharges nnder 1000 c. ft., and none 
in large volumes, such as Discharges over 1000 c ft 
It is submitted that the number of deeimals published is in each case quite as 
many as is nsefuL 

[iSr. The impossibility of expecting accnracy even in the nnits in the larger 
Cubic Discharges will be obvious from the consideration of even a single source of 
error ; thns, an error of only •Ol of a foot in determining the Average Water-Level at 
a Site 150* wide with a mean velocity of 4**5 per sec. causes an error of *0I x 150 x 4*5 
s= 6-75 c. ft. per sec in the computed Cubic Discharge, besides which there are many 
other sources of error]. 

24. MeanSi IHserepaneies in, — ^Two sorts of apparent slight Discrepancies are 
liable to occur in the " Means " in the printed Tables ; these are not really ** Errors ", 
but are discrepancies inherent in the process of forming the Means. 
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Discrepant 1\ The ^Meaiu" being usually the Arithmetic Means of the de- 
tailed entries in the seTeral Snb-Colnnms, it may happen that the means of snch 
quantities as are obtained by computation (such as b, B, A, R, D, U, D, V| &cO ^rill 
frequently not agree exactly with the yaiues which would be obtained by direct com- 
putation from the Means of the data. And exact agreement is of course usually 
impossible* in such cases. 

Discrepancy 2®. Agun, the printed '* Means" being the Means of the ori^nal 
details (including usually two places of decimals) are not always the exact Means of 
the printed details in cases where decimals have been rejected in printing (tf.^., in the 
Breadth, Area, and Discharge Columns). Snch discrepancies are always smalL 

In all these cases the printed Means are the ones to be preferred. 

26. Cheoklllg'—It was made a fundamental Rule of these Experiments that ali 
work (such as copying, computing, drawing, &a,) which admits of cheekf should 
invariably be checked hy an independent hand, and initialed ly both parties. Simi- 
larly all ^ corrections " were checked, and initialed by two parties. 

Thus all the Field-books are supported throughout by the Obserrer^s and Checker's 
initials at foot of each page. Similarly all MS. Tables and Computation Sheets are 
supported by the Copyist's or Computer's, and also by the Checker's initials at foot 
Also every addition, alteration or correction is similarly supported. In the same way 
every original drawing is initialed by the originalf Draughtsman and by the :(Check- 
er. All these original MS. could, therefore, be re-examined at any ftitnr^time, if 
found necessary, with some confidence. 

Similarly all Tables and all matters of fact in the Text of this Work have been 
checked by onej of the Staff. 

The printing of the Tables and Plates was checked in the way described in the 
Introductions to Vols, n. III. The rerision of the Text in passing through the 
Press was done by the author himself. 

S6. -^ids to caleulatian,"^It has already been explained that— in consequence of 
the use of a SC/ Run with a half-second's chronometer— most of tlie velocity-rednctioii 
could be done by simple inspection of a Table of Reciprocals. 

Much of the multiplication involved in the subsequent Discharge-computation con- 
sisted of f ormmg numerous pairs of products of " velocity x depth " (seldom exceeding 
8 figures in eaeh factor (e.^., v ss 4-93 ft, per sec, h = 8*85, and vh ss 4*98 x 8*85). 
All such products are given at once dy inspection in Crelle's large Multiplication 
Table. Similarly quotients of 6-figure numbers by 8-figure numbers are also given 
by inspection. The heavier multiplications and divisions of figures beyond the 
powers of Crelle's Tables, were usually done upon an Arithmometer. 

[Each Field-party was provided with a copy of Barlow's Tables of Squares and 
Reciprocals, and of Crelle's Multiplication Table : and two Arithmometers were kept 
in tiie general computing office. These proved invaluablej. 

• TUa dioaM be obvloiu from the coBrideration tluit the 1^ 

faiiettoDi/(jr) dllBen nnaUy from the limllar fnnetion/(l2s) of the mean •^S«o( the 
daUU). >» / • 

t TheaaUuMThlmaelf. } Netrly all by the Senior Checker, 8ergt. W. Porten. 
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CHAPTER VI. 

UNSTEADY MOTION. 

1. Steady and VnBteady Hbtion.— It is well to premise the follow- 
tag definitions* : — 

Def. The motion of a flnid is said to be Steady when the yelodtj at each 
point depends toleljf on the pontion of the point, and does not yary from instant to 
infltant ; and is said to be Unsteady when the velocitj at each point varia from 

instant to inttant, • (1). 

Thus in Steady Motion the velocity at each point is a function of the 
co-ordinates (x, y, z) of the point, but not of the time ; and in Unsteady 
Motion the velocity is a function both of the co-ordinates and of the time. 
These cases are expressed analytically thus — 

dv 
Steady Motion, »==/(«, y, s), -^=0, ^(2). 

dn 

Unsteady Moiion,v =zf(tf,y,t,t), -^ notsero, ^ (8). 

EwampleM. Water in nnifonn motion in a fine straight tube of great length is in 
** Steady Motion ". Water in wares, ripples, or eddies is in <* Unsteady Motion '\ 

The mathematical investigations of cases of Unsteady Motion are-^ 
except in the simplest cases of waves and whirls in a frictionless fluid-^ 
very difficult Those of Steady Motion are far easier. Acoordinglj 
most of the common hydraulic formulss are biised on the hypothesis that 
the motion of water is steady. This is, however, a hypothesis at complete 
variance with observation. This result, viz., that the motion of water is 
extremely " unsteady " is of such great importance in forming a rational 
Theory of Hydraulics, and in its effect on practical Experiment, that it 
has heen thought worth a special Chapter. 

2. Preliminary Experiment'— Any one watching the motion of water near 
the margin in a large channel apparently in tranquU matUm cannot fail to remark 
a oontinnons ^ight variation of level of very short period. This shows that the 
motion cren when apparently tranqnil is Blightly osdUatcny, and, therefore, not quite 
"Steady". 

[On the Sf-mile length of masonry steps of the SoUnf Embankment this ^MM*sil fttiftn 
is sometimes abont haffan inch, and runs throogh all its phases very rapidly]. 

* M< any Work on Mathamattcri Theory of ICotion of Flaid% (<^^ LamVi WoKk» Art. 98). 
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Agiiiiy any one tfaiowing a handful of chips of wood or other light material into 
water in apparently tranqyil moHon in a large channel cannot fail to remark ureat 
irreffularitiet in their motion. Some will lag behind for a time, then suddenly 
hnrry on and catch up others preyionaly in adrance, pass them, and perhaps after a 
time lag behind again. Few will more in straight lines ; most of them will take 
derions oonrses crossing sometimes to right, crometimes to left. This shows nnmis- 
takeablj that the motion is decidedly ^ Unsteady "• 

Those who have not seen relodtyHneasnrements being performed, can, howoTer, 
hardly be aware of the magnitade and rapidity of the variation of the Telocity at one 
and tiie same place. It is in fact so great as to prove a source of extreme difficulty 
in Experiment. 

8. Unsteady Motion, Experiments. — This fact (the magnitude and 
rapidity of the variation of velocity at one and the same place) is dearly 
ahown in Tab. LXXIII, LXXIV. 

8a. Central Surfaoe Velooitibs.— Tab. LXXni shows the results of 17 
Sets of eentral surface veloeity-measurements (48 in each Set), selected from a very 
large number of such Sets of 48 repeated central surface yelocity-measurements at 
each Site, (done in connexion with Discharge-measurements to be hereafter explained ;) 
the selection is such as to exhibit the phenomenon (of yariability of the motion) 
under a great many widely different circumstances, and masked as little as possible 
by extraneous accidental influences (such as wind). Thus the work of calm days 
only has been selected, and at both the highest and lowest available water-levels at 
each of eight very different Sites, (the largest being 192' wide, and the smallest IS}' 
wide.) 

All the velocitymeasurements (of this Table) were done with same Instrument 
(8' pine Disc), and in same manner, and in every case only Gk>OD Floats (as defined 
in (5h. rv, 81) were recorded. 

The 48 velocity-measurements were in every case done as rapidly as possible in 
succession, so that the whole Set of 48 was in each case done in the shortest time pos- 
sible (in one case in only 15 minutes) consistent with recording only Floats in '* fair 
course ". These Bets are, therefore, very favorable for showing the variability of the 
motion. 

gb. Central VELOCiTiKa— Tab. LXXIV shows the results of 10 Sets of ve- 
locity-measurements upon the centre vertical, vis., 2 Sets at the surface, 7 Sets at 
various depths (5', 6', 9') below the surface, and one Set of mean velocities. The 
subsurface velocities were measured' with five different Instruments, viz.,^- 
Double Floats, 4 patterns, tee Oh. IX, 2a, 11, 12. 

Current-Meter, Moore's pattern, (see Frocgs. of Inst of Ciy, Engrs., VoL 
XLV,No,1481.) 

The Experiments shown in this Table were all ^ comparative trials " of two or more 
IntmnientB. They are not so favorable for exhibiting the phenomenon now under 
review (Unsteady Motion) as those of the preceding Table ; partly in consequence of 
the existence of wind (on three of the days reported), which is itself a cause of iome 
irregularity even in subsurface velocities, and partly in consequence of the Experiments 
being " compamtive trials " of Instruments, whidi led to the velocity-measurements 
(<m two of the days only, vis., in Sets Noe. 8—6, 9, 10) being done one with each 
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InHnanent in tum^ so that the complete Set of measnremeDts with each Instrunent 
was prolonged over some hours instead of being done (as in all the other cases) in aa 
short a time as possible with any one Instrument. 

Notwithstanding these disadvantages, they serve the present pmrpose qnite well 
enough of showing the variability of the measurements of the same quantity at very 
TarioQS deptha (at surface, near middepth, and near the bed) and with very different 
Instruments. 

In the six Sets, Noa. 1, 8, 4, 5, 6, 7, every Float recorded was in '< fair course " ; 
but in the last two Sets (Nos. 9, 10) every Float thrown from the Upper Boat was 
timed— whether in ** fair course " or not— and its ** Deviation " from tbe centre line 
recorded (in order to ascertain the maximum ordinaiy ** Deviation " possible with 
the two Instruments under trial). 

3o. DisouBSioir. — Both Tables show the maximum, mean, and minimum velocity- 
measurements of each Set, and also the << Range " (or difference between the greatest 
and least values), and the percentage that this is of the mean. A glance down these 
last columns (of Bange and Percentage) will show at once the very great variation 
of the measured values within the short time required for each Set, viz., 

Central Surface Velocity. The Bange is about 26 per cent in two cases, and 
exceeds 9 per cent in all the rest 

Suhewfaee Velocity. The Bange exceeds 12 per cent throughout, is close to 
30 per cent in 6 cases, and exceeds 57 per cent in one case. 
In seeking an explanation of this enormous Bange in the measured values of the 
same quantity (done in rapid succession in many cases), it seems necessary to inquire 
whether it is wholly or partly doe either to downright Mistakbb* or to the acci- 
dental Ebbobs* inevitable in all physical measurements. 

1^ MietaJui, By these are meant such downright MUtaiee as sometimes occur 
in timing, in recognizing the Floats at both Bopes when a rapid succession is passing, 
in entering figures in the Field-book, in reading the Current-Meter dials, in gearing 
and ungearing the Current-Meter, &c Such Mistakes may be ilarge, and will 
therefore suffice to account for large occasional Discrepancies .- but they should be 
rare with trained Obeervere, and will, therefore, in no way sufficiently account for 
the phenomenon in question, which is the constant large variation in successive 
velocity-measurements. 

2^. Accidental Errore, These are the email Ebbobs inevitable in all physical 
measurements. In the velocity-measurements (done with Floats) in these Experi- 
ments, the only material source of small Error (affecting the present question) is 
the difficulty of timing. 

Now it was shown (Ch. IV, 26b), that the Error in timing with the trained Ob- 
servers on these Experiments might be expected not to exceed one half-second. Bnt 
the actual difference of the " timings " of the quickest and slowest Floats of a Set 
was often 6, and seldom leu than 3 haif-seconds, that is to say, always largely ex- 
ceeded the greatest ordinarily possible Error in timing. 

• In the teohxiloftl bbobs of the •* Tbeorj of Bnon of OtMerration/' («m Ally's Work, Art S, &•) 
t Thofl it aeeoiB likely that the nnnsoally large ^ Range '* of 67*3 per cent, in one of the Current- 
Mete Bziierimento (No. 8 of Tab LXZIV) was doe to an aocidental gearing or failure In nngearlng 
the Instrument, an accident to which Moore's Corxent-Meter was foosd very liable in a swifl 
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It is oonridered, therefore, that the predrion of the obserrBtioos is far too great to 
admit of the great Range in the measured Talaes of the same qoantity being (beyond 
a vezy small extent) aooonnted for by ordinaiy Accidental Observation-errors. The 
only possible way left to aooonnt for by far the greater part of it is in the variaHUty 
qf the motion itself. 

It was, moreorer, qoite a common thing for the ** timings " of two Floats even when 
poisinff through the SO foot Run pretty chee together to differ by as much as 3 or 4 
half-seconds (a quantity again far exceeding the greatest ordinarily possible error 
in timing). This shows that the variation of velocity woe very rapid, 

[Some epeeial Experiments on this qaestion were folly detailed in the 1874-5 
Report, Art. 24. The evidence given above is thought sufficient, so they are not 
republished here]. 

8d. Visual Evidehob.— Bat there is also independent proof of the 
great rariability of the motion, independent that is of the timing, (and, 
therefore, independent of errors in timing.) 

The practice of executing the Sets of 48 successive central surface Yelocity*mea- 
Burements was to throw out three Surface-Floats at a time from the Upper Boat at 
intervals of about 8' to 5^ It was quite a common thing for these to arrive at the 
Upper Hope (IW distant from the Upper Boat) nearly together, or even in a 
different order from that of starting. This irregularity may be partly accounted 
for by the variable effect of the *' wake ** of the Boat itself on them at first starting : 
but this effect must have been entirely dissipated before arrival at the Upper Rope. 
Nevertheless even within the W "Bun" itself it was quite a common thing for 
Floats passing the Upper Rope in the order A, B, G, to pass the Lower Rope nearly 
together, or even in a different order as B, A, C ; B, C, A, or even C, B, A. Occasion- 
ally a Float hoe leen eeen to gain about 6^ on another near it within the length of 
the 5(K Run. 

This accounts at once for a difference of 10 per cent in the velocity 
of two Floats even when pretty close together^ and is a nsefol confirmation 
of the accaracy of the Besults obtained from the timing, viz., both of 
the great variability of the motion and of the rapidity of the variation. 

Again, few out of a succession of Floats ever moved in lines parallel to the ^ cur- 
rent-axis ". Some edged off to the right, some to the left in no regular order, the 
lateral ** deviation " being sometimes as much as 13' in 150', ($ee Sets Nos. 9, 10, Tab. 
LXXrV ;) some followed a devious course, sometimes edging a little to the right, 
sometimes a little to the left. 

This shows that the velocity is very variable in direction. 

4. Hotion is Unsteady.— The cases quoted are only a very small por- 
tion of the evidence available : thos Tab. LXXIII contains only a small 
selection out of a very large number of precisely similar Sbtb (reported . 
briefly in Col. 4 of Tab. LYIII to LXX), in the details of all of which 
(anpablished, and therefore accessible only in the Field-Books) this 
variability of velocity was conspicuous* The same thing was, moreover, 
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equally canspicwma ihroughcut the wJiole course of the Experiments : it is 
not thought necessary to publish details, which would have enormously 
swelled the Tables. It is considered then that the evidence is simply 
overwhelming ,that this variability or TJnstbadihsss is a general property 
of water in motion in Open Channels ; or in other words that^ 

** The yelocitf of water in motion is very variable— eren at one and the same 
point-^both in du-ection and magnitade, and the variation is very rapid, i.^., the 

motion is very Unsteady", « ^ .' (4), 

M The amount of velocity-variation at one and the same point is liable to be at 

least }th, or 25 per cent, of the mean value", (5), 

These Results are conceived to be of the highest importance both in 
forming a rational Theory of Fluid Motion, and also in their practical 
effect upon the only course possible in Experiment. 

4a. Practical Consbqubnobs. — It appears then that the velocity at 
one and the same point is a very variable quantity increasing rapidly, but 
continuously from a certain minimum through all intermediate values up 
to a certain maximum, and then decreasing again and so on, and is, there- 
fore, Aperiodic quantity, involving the time t in its functional expression, 
which should necessarily be— 

»=/(«, y, « ; t)y (6). 

Thus any single velocity-measurement can only give an '* accidental 
value " of the velocity in question, viz., the particular value at the parti- 
cular time in question, and if measured a few seconds earlier or later is 
liable to be very different: from which it follows that — 

" A single velocity-measurement is of very little practical use 'V (7a). 

also, " Single velodty-measurements at different points are incomparable ", (75), 

because being *^ accidental values '' they may be values at different phases 
of their variation, possibly maxima at one point, minima at another point, 
and so on. 

There is indeed one case in which single velocity-measurements at 
different points are properly comparable, viz., if measured at seme time. 
Example. Suppose the (superficial) Discharge past a vertical or past a horizon- 
tal line, or the (cubic) Discharge through a cross-section, were sought. Conceive 
the lines divided into a great many very short segments of length /9, and the cross- 
section divided into a great many very small parts of area a« and the velocities at 
middle of each segment fi, or at centre of each small area a measured all at 
tame instant in either case. Then the Discharges in question would be accurately 
given as the sums of the partial Discharges v/3, 9a» in either case, i.«., 

D = E(r^),orD = 2(©.a), 
if the number of segments fi or of small areas a were very large. 
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Bat as the necessary condition of synchronous measttrement cannot possibly 
be secured in actual practice, this case is of no practical importance, and 
the truth of Results (7a, b), is manifest for practical hydraulics. 

6. Average Velocity— Thb new term will now be used with follow- 
ing meaning : — 

DBF. The Ayebaob V blooitt at a point is the average or mean of the relo- 
clties at that point taken through a considerable interval of time, or is in fact 

f vdt-^t, where t is very large, ^ (8). 

Accepting then the Result (7a), it follows at once that — 
^ The Average Velocities at different points are the only comparable values of 

velocity at those points",.——— - - .(9)i 

and — 

** The Average Velocity at a point is the only velocity at that point which is of 
much practical use, and is, therefore, the one to be songht in all velocity-measure- 
ment",...^ •. (10), 

6. Tediousneas of Experiment— The Conclusion (9) that << Average 
Velocities " alone are intercomparable, and are therefore always to be 
sought in all velocity- measurements, must profoundly affect the course 
of Hydraulic Experiment from the great length of time necessary to de- 
termine the Average value at even one point. 

The manner in which this Average value is to be sought depends entire- 
ly on the Instrument used. Thus with respect to the three Instruments 
most largely used in modem times — 

Floats. These give only accidental values. The Average value can only be 
found by taking the mean of a large number of measurements. 

Cttrbbnt-Metebs. These give only average values. The Average value is to 
be found by letting them run for a considerable time. 

Fitot's Tubba. These give only accidental maxima and minima. The Aver- 
age value is to be found by taking the mean of several maxima and minima. 
With whatever Instrument it be done, the process of finding a good 
Average value for even one point will obviously take a considerable time. 
One yery important practical Result is— 

** All Hydraulic Experiments on large bodies of water must necessarily be tedious, 

and therefore expensive ", (11). 

And this tediousness cannot be got over in any way vrith Instruments 
which, like Floats, give only accidental values. The tediousness is least 
with Current-Meters, which give average values at once by their construc- 
tion. The most hopeful way of reducing the tediousness and expense of 
Hydraulic Experiment appears then to be by the introduction of improve- 
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ment in the constraction and mode of handling of Carrent-Meters, 
both of which are at present open to many objections, (Ch. XXIII.) 

7. Large stock of Floats. — The Unsteady Motion of the water in- 
VolTes such frequent nndue deviation of the Floats from " fair coarse ", that 
many Floats mast be rnn to secure a small number of " Good Floats "• 
To work with moderate speed, a large stock of Floats mast, therefore, be 
provided to be thrown in succession from the Upper Boat, so as to obvi- 
ate the necessity of frequently sending the boats to bank to exchange 
Floats, as the coming to bank is one of the chief sources of delay. 

The great bulk and weight, and the consequent cost of this large stock 
of Floats, (and accessories such as Plank-Trays,) becomes in the case of 
Subsurface Floats (Double-Floats and Rods) a serious matter. It is, 
therefore, an important practical necessity to reduce the size, weight, and 
cost thereof to a minimum. 

8. Change of Conditions, Sets. — The length of time necessary to deter 
mine Average Velocities at many points introduces another serious prac- 
tical difficulty (sufficient to profoundly affect the course of Hydraulic 
Experiment) in that the " External Conditions " (Depth, Surface- Slope, 
Wind, &c.) are liable to change within the time in question. 

The only practical way of overcoming this difficulty appears to be to 
make a small number only of velocity-measurements as quickly as possi- 
ble at each point in turn, so that this small number may be secured under 
very nearly similar conditions at each one of the group of points selected. 
This process may then be repeated, taking all the points in turn, and 
when done, may be repeated again as often as necessary to make up the 
Total number of velocity- measurements at each point requisite to obtain- 
ing a good Average value at each. In this way each Set of such veloci- 
ty-measurements will be affected under approximately the same '^ Exter- 
nal Conditions *% and the Average of all such Sets will have been effected 
under approximately the same " Average External Conditions ". 

[The namber of velocity-measDremeiits to be done at each point at one time (before 
paflsing on to the next point), was fixed at three in these Experiments, (Art. 12)]. 

9. Other views.— ^This <' unsteadiness" of motion has hardly been 
sufficiently recognized hitherto as a fundamental property of water in 
motion. The unsteadiness is in some cases attributed to accidental causes 
such as wind, and in others it does not appear (though recognized) to 
have in any way influenced the Experiments. Thus- 
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Missitiippi Report, (p. 287.) The motioii is thna described— 

** Besides the great difficulty of taking the obseiratioos with sufficient nicety .to 
detect the reiy slight difference of Telocity at the different depths, there is a second 
cause of failure, namely, an almost constant relative change of Telocity at the differ- 
ent depths. The axis* can rarely be at rest ; every varying breeze, however gentle, 
must affect its delicate adjustment, while the stronger pulsations of a high vnnd 
must produce an oscillatory movement even greater than that in the tops of the 
tallest trees. Different floats, therefore, although they may pass at the same depths 
delom the iurface, may yet pass at very different dUtancet from the axii, and thoB 
measure the velocity at very different points of the curve *\ 

Thus in the Miseissippi Report the yariability of the motion seems to 
be attributed mainly to the wind. 

BoMin Evptrimenti, (p. 23.) The motion is thus treated— 

** The motion of water in a canal is much more complex than at first sight appeara. 
If the velocity at a definite point be observed, it is very soon seen to be variable from 
instant to instant. These variations are sudden : they take place by very quick 
starts, and are accompanied by slight Changes of surface level. • • • 
Appreciable even by an instrument like the current-meter, which must be in work 
for several seconds before yielding any indication, they are yet more so with help 
of Instruments which^ike the Darcy-Pitot Tube— show velocity by an active 
impulse acting only a very short timCi It is seen then that they are almost instan- 
taneous, that they constitute true breaches of equilibrium which recur in periods. 
The velocity at a given point is then only a mere abstraction ; it is a sort of mean 
between very different velocities which follow in rapid succession. The motion is 
not a continuous phenomenon, and the simple hypothesis of motion in parallel stream- 
lines, adopted with the view of submitting the facts to ani^is is very far from the 
truth. A stream-line, i. «., a train of molecules moving in succession with equal 
Telocity in the same direction can exist only for a Tery short time, and is incTitably 
destroyed by the constant exchange of molecules which take place between its 
neighbors and itself and by the consequent oblique movements. These iiregular 
moTemenbs appear to be produced most in wide sections. ••••** 

Bat this does not seem to hare in any way influenced tlie coarse of 
the Experiments (on Telocity-measurement), except in that the oscillations 
in the Tube were always registered. 

Lake River Report (of '69). In the oouise of these Experiments, clear evidence 
was obtained as to the existence of pulsatiom in flowing water. Thus — 

P. 595, ^ I haTC found these pulsations in cTery stream I haTC had access to." 

P. 599, " The time occupied by a pulsation Taries from a few seconds to over a min- 
nte, not appearing to be at all regular. They are greater at the bottom than at the 
surface, &c., * * I found that eddies made no difference with them, &c, * * " 

Many instances are also quoted (ihidem) of obserrations (by other ObserTers), ol 
** pulsations " of Telocity and surface-lcTel, some at sea, some in riTcrs, some in wells, 
some in small jets. Those of pulsation of Telocity are the ones bearing most direct- 

* i, «., the axis of the vdocity-panboUu 



Digitized by VjOOQIC 



;••■/ 
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Ij on the subject of this Chapter, though the pulsations of lerel also show the same 
thing (Unsteady Motion) indirectly. 

10. Average from 60 trials.— In the last two colnmns of the Tables 
discussed in Art. 8, each Set of relocitj-measarements has been divided 
into two Half Ssts, and the mean of each Half-Set taken out separate- 
ly. It will be seen that the means of each Half-Set differ from the mean 
of the whole Set by comparatively unimportant qtuxntitieSy in no case 
exceeding *05 (except in Set No. 8 of Tah. LXXIY, which probably 
contains some mistake, Art. Sc). From this it would appear that-* 

** The mean of abont 50 relocitj-measnrements done in rapid snccession is a fair 
approximation to the Ayerage Velocity", ..^ ,...(12). 

11. Conclusions applied^— The Course of the present 4 years' Ex- 
periments was entirely regulated on these Gonclusionsy viz., that— 

" Only ATerage Velocities are intercomparable "• 
" Arerages ahonld be fonned from abont 50 ralnea '', 
** and flhonld be formed in snch a way as to eliminatOapersonal equation '\ 
The velocity-measurements were accordingly done in certain groups, which 
will for shortness be termed Ssts, as explained in following Articles. 

12. Velocity-Work, Sets. — The ordinary systematic yelocity-work 
consisted (as explained Gh. I, 12) of-* 

** Serial Velocity-Measurements upon a yertical or transTerse line"* 
The^e were executed in following order, (based on the principle laid 

down in Art. 8). 
The Tdocity-measnrements were made in gronps of three at each point in turn, in 

£u rapid tneeetiion as potnbU from end to end c^ the line in qnestion, thus— 



On a transvenaL 
8 at point nearest left bank. 
8 at next point 
8 at next point, 
and 80 on ; lastly 
8 at point nearest right bank. 



On a vertical, 

8 at surface^ 

8 at 1' depth. 

8 at 2' depth, 
and so on ; lastly 

8 at point nearest to bed. 

[^ Also 6 Bod-Yelocities, as hereafter ex- 
plained]. 

The complete gronp of 8 yelocity-measnrements at each point in turn from end to 
end of any line (whether yertical or transrersal) will be styled a Skt of velocity- 
measorements on that Line. The Obseryers (Caller and Timekeeper) retained their 
places thronghont the Field-work of any one snch Set. 

{Practical oonyenience required occasional slight modifications from the precise 
order stated aboye, not affecting the principle laid down. These will be explained in 
their proper places]. 

The only other syttematic yelodty-work was central surface yelocity-measurements. 
These were done in gronps of 48 in as rapid saccessioii as possible, each Obeeryer 
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acting as Timekeeper in tnm for half the group. Each such group will be styled a 
Set of central surface velocity-measurements. Each such Set is obviously freed 
from the effects of personal equation by the interchange of Observers. 

12a. Field-work op one Set.— The complete Field-work of one Set of velo- 
city-measurementa involves noting the stote of the Water-level and Wind (Ch. V, 
2—10 & 21) at beginning and end of the velocity-work. This was always done in 
following order : — 

il®. Note of direction and velocity of wind. 
2«. Note of water-level, (say a gauge-reading.) 
S**. Complete Set of Velocity-measurements, (as above.) 
4®. Note of water-level, (say a gauge-reading.) 
5®. Note of direction and velocity of wind. 
The Mean of Nos. 2® and 4® is what is tahvlaUd in all the Tables as the (Mean) 
Gauge- Reading (Ch. Y, 10, 12) of the Set. Both states (1^ and ff') of the Wind ace 
entered in the Detailed Tables. 

The complete Set was always done as rapidly as possible, and may, therefore, be 
considered — 

" A piece of Field-work done under nearly constant External Conditions". 
12b. Sequence of Sets. — As soon as one Set— of serial velocity-measnr&- 
ments upon the same line (vertical or transverse)-*was finished, a second Set waa 
undertaken, after that a third, then a fourth, and so on, io long as the water-lwel rf 
mained nearly constant, and the wind moderate ; this repetition of similar work (under 
nearly similar External Conditions) was carried on throughout the working hours of 
the same day, and again on the next day, and on other days '(whenever the water- 
level suited) up to a limit of about 16 Sets. The Observers (Caller and Timekeeper) 
iJways interchanged for successive Sets. 

[If the water-level changed more than yV ^'^ A foot, or the wind exceeded 15' per 
second. Field-work was usually closed J. 

The Surface-Slope was also taken usually once a day as explained in Ch. VII, 8. 
12c. Tabulation of Sets.— The Means of the three velocity-measurements at 
the several points on any one Line may be looked on as — 

** Rough Velocity-measurements at each point of the line". 
These Means or ** Bough Velocities " for eveiy point in any one Field-woik Set are 
entered in Col 6 of the Detailed Tables, aA in ih% same horitontal line, one Sub- 
column being appropriated to each point. 

The Date, state of the Wind at beginning and end of tiie Set, and Mean Water- 
Level (of beginning and end of the Set), and certain other Data (to be explained 
hereafter) peculiar to the Set, are all entered on that same horizontal line. 

Thus each horizontal line of any of the Detailed Tables contains all the Data and 
Results of one 8eL 

13. Series. — All such Bets of serial Telocity-measurements on the 
same (vertical or transverse) line as were executed in sequence (Art. 12b) 
nnder somewhat similar External Conditions, (especially as regards water- 
lerel,) were combined into one Sbbiss by being tabalated on the same 
Sheet, (see any of the Tables VII to LXX). 
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[A Range of abont *3 foot of water-level is the maximnm that has been admitted]. 
Each Velocity Sob-colamn (Col. 6) of these Tables contains, therefore, the Bongh 
Velocities at one point (as marked at the head of the salM^lomn) of the line in 
question, tIz. — 

i Vetoeities patt a verticaL At a definite depth {z) on that rertical, 

ii. Veloeitiet patt a transversal. A t a definite distance ( ± y) from the centre, 
and the Means of these Snb'Colnmns (line v of the Tables) are the best measares of 
the Ayeraqe Velocities at the seyeral points which the eyer-yaiying state of the 
Canal and of the Wind permitted to be obtained. 

f Thns in many of the SBBIE8, the Average Velocities at the foot of the Table are 
the Average of 16 Sets, i.e., of (16 X 3 =) 48 vclocity-measarements. The limit of 
16 Sets was in fact chosen so as to make the Means depend on abont 50 distinct 
trials, as proposed in Art 10. In very manj cases on the other hand, (especially at 
low water,) the ever-varying state of the Canal permitted of the accnmnlation of only 
a few Sets^sometimes only one— nnder nearly similar External Conditions]. 

Hence though individual Sets may have been done under somewhat 
different " External Conditions '', the Average of each Series is itself 
really a Set of Average Velocities obtained under the aanu Average 
External Conditions, atid nearly freed from personal equation of the 
Observers, (in consequence of the frequent interchange of Observers, 
Art 12b.) 

18a. Order of Sets. — As the SERiss.were originally formed during the pro- 
gress of the Experiments, the Sets intended to be combined were of coarse entered 
upon the Tabulation Sheet of the Series in order of date, i.e., in the order of eze* 
cation : but they have been re-arranged for publication partly by order of depth, so as 
to exhibit better the effect of change of depth upon the velocities. The work of 
each single day is entered commonly by order of execution, but the work of different 
days is arranged usually by order of depth : slight variations (sach as '01 of a foot) 
of water-level being, however, disregarded. 

14. Set-Combination. — It will be seen that the only combination used 
has been that of Sets of similar work, under tolerably similar condi- 
tions, as follows : — 

1^ at the same* Site. 

2", upon the same line (t. 0., npon the same vertical, or same transversal). 

3^ at nearly the same water-level, (allowing a range of ^ of a foot). 

4^, with surface-slopes not very dissimilar, or with nearly equal mean velocities. 

[It would have been certainly desirable to combine only sach Sets upon the same 

vertical or transversal as were effected under closely the same ** External Conditions *% 

i.e., at nearly the same water-level, same surface-slope, and same state of wind. But 

the ever-varying states of the Canal and of the Wind rendered compliance with these 

* Exception, In one case an exception has been made to thb Rnle (of not combining Redulta 
from different Sites), viz., Surface Velocity Ser. No. 60 at the Soldni Embankment Minor Sites, vhich 
is made np of C Sets at the Upper, and 5 Sets at the Lover, Site. This combination was thought 
JQStifiable on aoooont of the similarity of ATerageCroaB-Sectionaof these two Sites, (Ch. Ill, 11). 
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conditions praeticallj unattainable, as far as the state of Wind and Sarface-slope are 
concerned » and only approximate! j as regards the Water-LeveL In fact, in order to 
obtain a large enough number of Sets (about 16>-^t nearlj the same water-level^to 
yield fair measures of AVBRAas Velocity, it was found necessary to combine the 
Sbts into Sbbies, irretpective of the state of the wind, and to some extent irrespee* 
Uve of the surfaoe'Slape; the efEect of change of surface-slope has been partially al- 
lowed for by not combining any Sets in which the mean velocities difter by a Inrge 
amount, an effect which would certainly be caused by any considerable change of 
slope]. 

It is submitted ihat the Combinations used are far more fairly compar- 
able than the Combinations that haye been used in any Experiments on 
large bodies of water hitherto published. 

[The fact is that in Experiments on large bodies of water, the nucertainty of the 
frequent recurrence of closely similar " External Conditions " is so great, that the 
time available for systematic Experiment has never sufficed to accumulate any con- 
siderable quantity of Experiments under closely similar External Conditions, and it 
has in consequence been unfortunately necessary to combine Experiments even under 
very dissimilar External Conditions, in order to obtain some soH of Average Yelo* 
dtiesl. 

14a. ConUnnationa in other Experiments. — The modes of combination 
actually used in the modern Experiments on large Rivers are briefly ex- 
plained below. 

14b. Vertical Curves,— In the Mississippi, Connecticut, and Irrawaddi Experi- 
ments, the practice was to combine Sets on different verticals, and in all depths of 
water, irrespective also of state of surfacs'Slope and of wind. The combination was 
effected in some one of following ways : — 

1^, between actual velocities at actual depths, 

2°, between actual velocities at proportionate depths {e.g., at each tenth of depth,) 
S^, between relative velocities si proportionate depths ; 
the term *' relative velocity" being taken to mean the ratio of an actual velodty to 
some one principal velocity (,e.g,, to the mean velocity) taken as unit. 

Modes V & 2® were used in the Mississippi Report (pp. 230, 232), and in the Irra- 
waddi Report (for '75, pp. 18, 19, & Tables, passim,) and Modes 2® & 3^ in the 
Connecticut Report (for 78, p. 318). 

[In the Mississippi Experiments the combination was frequently of Sets done even 
at different Sites, see Report, pp. 230, 232]. 

The legitimacy of these combinations depends of course on the (unproved) as- 
sumptions that the figure and size of the Average Velocity-Curve is the same ifp- 
on all verticals, (even in different Sites,) and at all deptlis on those verticals, and 
under all changes of surface-slope and wind. That this is not generally true is 
abundantly shown in the Darcy-Bazin and in the present Experiments. A mere 
glance at the Diagrams of Average Vertical Velocity-Curves (PI. XH to XVIII) 
will show that these Curves differ not merely in size, bnt also in figure for different 
verticalsy and even for the same vertical with different depths of water thereon. 
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14o. TroMverae Curves.-^la the Missiflsippi Report (p. 236) the only Trans* 
verae Carre stadied appears to have been that whose Base-Transyersal was at 5f 
depth, comprising, therefore, yelocity-measarements at 5' depth from bank to bank. 

The practice appears (p. 286) to have been to combine all Sets whose mean yelo- 
cities lay between certain limits (between V & 2f, 2' & S\ &c, per sec.) in all 
states of water-level, and irrespective of the state of mind. The Average Velocities 
were formed as the Means of the Actual Velocities in Float-paths anywhere within 
the same 20(K diyision of the Base-Transversal (pp. 236, 226, 227). 

[No combinations of Transverse Carves appear to have been naed in the Connec- 
ticnt. Lake River, or Irrawaddi Reports : and none of either kind (vertical or trans- 
verse) appear in the R6vj Report]. 

15. Average Velocity-Cnrves.-*The yelocity-measarements of any 
one Sbt Cor of any one line of a Series) being only Rough Averages 
(means of only 8 measurements) give — as might be expected — when 
plotted, yery irregular Carves, which may be termed Rough Curves, of 
no use for tracing geometrical properties. And if several such Carves 
of same kind be plotted, they will he found to differ considerably in detail^ 
(even though under nearly similar External Conditions,) though agreeing 
in certain general features, viz., in such a way that if plotted on the same 
Base-Line, they appear to be inextricably* interlaced. This will be re- 
cognized to be a consequence of the Unsteady Motion, whereby only 
AvBRAGB Vblocitibs src fairly comparable. 

The means of the Velocity 8ub-columns in each Sbribs being the best 
measures of the Aybragb Vblocitibs practically attainable, the figure 
which results from plotting them may be termed the Aybragb Vblooity- 
CuavB, each Gutyo being particularized according to its Base-Line, i,e,, 
either as- 
Vertical, Surface, Middepth, Bed, or Mean (Velocity-Carve). 

A glance at the delineations of these Carves— ^ 
Vertical, PI. XII to XVUI •, Surface, PL XXVI to XXVDI ; 
Middepth, and Bed, PI. XXIX ; Mean, XXXI to XLI, 
will show that (when derived from a sufficient number of Sbts) they cer* 
tainly approximate to being tolerably regular curves, i.e., curves with 
tolerably regular changes of curvature, also that the regularity of 'figure 
increases generally as the number of Sets in a Series increase. 

[The namber of Sbts used for each Cnrve is indicated in the Diagrams]. 

This leads to the Conclusion that it is a general law of flowing water 
in a long uniform Reach with a Bed of regular contour, that— > 

• Tbi« was fully shown in Art 80, 68, PI. Ill and YII of the 1874-76 Report, q, r. : it has not 
beso thought worth whUe to repeat the diaoowion here. 

P 
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** The ATerage Veloeity-Canres are prettj regular carret, and are generally erefy- 
where convex down-Btream, (except where modified bj certain canaea discnsied 

hereafter,)" „ (It), 

and that the departures from this regularity in the actual drawings are 
due partly — 

1", to the insafBciency of the number of Telodtj-measnrementa for yielding fair 

Talaes of the ATerage-Velocities. 
2^y to the irregularity of contour of the bed and banks at the Site, and also to 
irregularity of the channel above and below the Site. 
As to 1^ want of time and opportunity prerented in many caaea—especially at low 
water— Becnring the full number 16 Sbts fixed on as desirable for a Sbbibb. Thus 
some of the Series consist of (mly one or two Sets, 
Vertical Curves/^ Ser. 10, PI. Xm. 
Sur/ao0 Curves, Ser. 55, 59, Fl. XXVI, XXVII ; 
HiiMepth Curves, Ser. 62, PI. XXIX. 

Mean Velocity Curvet, Ser. 113, 115, 124 to 127, 131 to 139, 158, 164, 168, ISI, 
191, 194, 195, 197, PI. XXXII— XXXVH. 

Moat of these Cnrrea are— as might be expected— vecy irregular. They are in fad 
drawn only to exhibit prominently the irregularity of figure inherent in the use of a 
Teiy limited number of measurements (3 to 6) for each yelocitj-ordinate. 

Again, as to 2?, the irregularities of curratare due to these causes are very marked in 
the case of the Transrerse Velodty-Cnrres ; these will be fullj disenssed in Oh. X VII3. 
It appears then that for the purposes of any useful discussion of the 
figure of the Velocity-Curves — 

** Curves derived from nmnerous Sbth of data are entitled to more weight than 

those depending on only a few Sets ",.•- •'• 0^^ 

16. fiiflcharge-measnrementy Faib ATKRAas. — ^The rarious Dis- 
charges computed in the sequel, viz., 

1*, Discharge past a vertical; 2®, Discharge past a Transversal ; 
8^, Cubic Discharge, 
have been computed separately for each line of the Detailed Tables, t. e., 
for each Set of Field-work, and, therefore, depend only npon what have 
been styled Rough Velocity-measurements. Such single Discharge-mea- 
surements, being Results of single Sets, cannot be expected to be good 
Averages, but must be looked on as Faib Aybraob values. 

These Fair Avbragrs are, however, much nearer approximations to the 
true Average values than is likely to be the case with the primary velo- 
city-measurements on which they depend, inasmuch as— these being 
taken at random at all phases of their variation— a sort of compensation 
ensues in the Discharge computed from them all. 

* Only one toeh caae bas been plotted for the Vertical Garret. InataiuMi might of oonne have 
tieen mnltiplled, but tt wm not thought worth while. 
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[In the Gtm of DisduurgM past a Transvwiid «Bd Csbic DtschaKges, the Tekidtj- 
measarements were effected (in the wide channels) in from 15 to 19 distinct Float- 
Gonrses, so that these Discharges depend on about (from 3 x 15 to 8 X 19) 50 
velodty-measniements ; so that snch Discharge-measnrements, and their correspond* 
ing Mean Velocities, are probably fair approximations to Average Talnes]. 

8imil«r remarks apply to all the Mean Velocities compoted from these 

Diseharges in this work, whether — 

1*, Mean Velocity past a Vertical; or 2*, past a Transrerflal ; 
or 8^, Mean (Sectional) Velocity. 

A glance at the lines (marked ^) of '* Ranges " of the velocities 
thronghoat the Detailed Tables will show in fact at once that, as a gen- 
eral Rnle, 

** The Range of the Mean Velocity-measnrement < Range of the detailed Velo- 

city-Measnrements ", ^. • • (15). 

[Farther evidence will appear in Chap. XXI on Discharge- Verification]. 

17. Stream^lines interlace, (Art. 3d, also Gb. IV, 21).— The great 
irregalarity of the paths of snocessive Floats is a proof positive that 
the stream-lines interlace freely in a horizontal plane. 

Experiments with Floats are not snited to showing the fact of yer- 
tical interlacing. But this is readily observed in a slightly silt-laden 
stream wherever eddies exist : clouds of silt can be seen boiling up from 
the bottom, rolling over, and plunging wildly in all directions. It might 
be supposed that this was a condition attending the existence of eddies. 
It has, however, been shown* by direct Experiment in straight reaches 
of two pretty uniform canals, that there is a continual transfer of Ufoter 
from the bed towards the surface even in water in apparently tranquil 
motion ; this of course involves a continual transfer from the surface to- 
wards the bed. 

[The Experiments consisted in discharging a few cnbic feet of whitewash into the 
canal near the level of the bed from a pipe leading ont of a resenroir in a boat 
moored at mid-channel, the lower orifice of the pipe being about 5' above the bed]. 
It is considered then to be proved that-— 
**The stream-lines of water apparently in tranquil motion interlace freely in 

aU diiectioiis ", ^ ^(16), 

from which it follows that the ordinary hypothesis, on which most of the 
common hydraulic formulsB are based, of a state of flow in parallel 
straight lines is a condition having no phy$ical existence in large Open 
Channels. 

* Sm <*Tnuifl« of Amtm. Boej. of Cii. Kngrs.", Vol. VII of *78, Mo. CLX, " On the Cum of th« 
Maxifflom Velooitj of Water flowing In Open Ghaaaeli being betow tlie Soxfaoe", bj J. B. fraacie. 
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18. ATenge Steady Motion^— Notwithstanding the great Yariabil- 
ity of the motion in detail, the " AYerage Velocity " at a point is pro- 
bably a constant quantity, that is to say — 

" There is Arerage Steady Motion ", (17). 

The eYidence on this point is indirect. The pretty close agreement of 
the means of Half Sbts of Yelocity-measurements (see Art. 10) done in 
immediate succession shows that — 

" The Average Velocity at a point is probably constant (under simiUr External 

Conditions)", (17a). 

The irregularity noticed (Art. 15) of Velocity-Cnnres plotted from 
single Yelocity-measurements, and the greater regularity of those plotted 
from repeated measurements — a regularity increasing with the number 
of repetitions — point to the same Conclusion. 

Again, irregular as is the path of each single Float, and although 
Floats started in rapid succession moYe in Yery different paths, still the 
*' aYerage path " in a long straight reach seems to be pretty constant, t.e., 
parallel to the so-called current-axis* 

All these facts together tend to proYe the truth of the aboYe Result 
(17), and it would seem, therefore, that Aybragb Vblocitieb are inter- 
comparable as if there were Steady Motion, 

[This conies oat also rery clearly in Experiment ii of Ch. IV, 28b, on a series of 
48 Surface-Floats timed throngh two 25', a fiO' and a 100' Ran : although individaal 
Floats differ a good deal in the different Rons, the means of the 48 Floats agree ex- 
tremely closely over all four Rons]. 

19. Wind-motion, Analogy.— Any one watching a common wind-Yane 
cannot fail to remark how incessantly it sways about— sometimes sud- 
denly shifting through 90^ and back — thus showing great Yariability of 
direction. 

A similar Yariation in intensity may be noticed either by watching the 
incessant rising and falling of a pennon fluttering in the wind ; or again 
by simply listening to the wind, the sound of which is notoriously CYer- 
Yarying. The same thing will be noticed in watching an anemometer : 
the Yanes will be seen sometimes to spin rapidly round for a brief space, 
then slowly, anon fly round awhile. 

Thus tlie motion of wind is — by common obserYation — CYer Yery 
Yariable, or is technically Yery Ukstbadt. And yet there is a certain 
aYerage direction, and aYerage Yelodty — if obserYed for some seconds— 
which are commonly termed the Direction, and the Velocity of the wind 
at the time. 
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The analogy with the motion of water in a confined channel is of 
coarse far from perfect : still the characteristic of Ubstbadt Motiov is 
common to both. In the case of wind it is familiar, while in that of 
water it is only not so obrions. 

20. ErFKCT OH Thbobt. — The Gonclosion (4) that Unsteady Motion 
is a flindamental property of water in motion in Open Channels is 
of great importance in attempting to form a rational Theory of floid 
motion, and enormously increases the difficnlty of it. No Theory in 
which this is not incladed as a fnndamental property can haye mnch 
hope of Boccess* 

Th« attempt has been made in M. Boaanneaq's large Work ** EsfHii anr la Thtorie 
dee Eaax CouranteB^', by making allowance for the efiEeets of the UnsteadinesB in 
fonning the ** Equations of Motion *\ as below explained, (pp. 6, 7, op, eit,) 

** It is necessary then,— if we wish that Hydranlics should no longer be (u M. de 
Saint Tenant puts it) a hepeiess mtpsia,— '1®, to regard the real yelocities at points 
within a fluid in motion as rapidly or even abruptly changing from point to point ; 
capable in fact, of producing frictions of an order of magnitude quite different to the 
case of continuous motion ; 2^, to make the mean actions exercised acroes a fixed 
plane element depend not only on the heal a^>erag$ vtioeitUtp or rather on their first 
differentials which measure the mean relatiTe slidings of the fluid strata, but also at 
each point on the intensity of the whirling action there obtaining ; 8*, to seek, there- 
fore, the causes on which the whirling action might depend at different points of a 
section, and to make the co-efficient of internal friction vary with them ; to choose 
finally for equations of motion, not the relations which express at a given moment the 
dynamic equilibrium of the different fluid Tolume-elements, but the means of these 
relations during a pretty short intenral, or what might be called the Equations 
of mean dynamic equilibrium of the fluid particles which suocessiTely pass any 
one point ". 

It is on some such bases as these, yiz., use of Aybbaob Vblooitibs, and 
of AvsRAOB Stbadt Motiok, that a rational Theory mnst be founded. 
Unfortunately the ordinary formnlsB of Hydranlics are based on the hy- 
pothesis of a Steady Motion which has in fact no existence. 




Addendum to Art, 14b. 



In the Lake Birer Experiments Sbts on different vertiealt and in all deptks of 
tvaier were combined by Rule No. 1", (see Lake Rirer Bepcrt of 1870, pp. 570 & 
674-^92). 
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CHAPTER VII. 
SURFACE-SLOPE. 

pr^^ue.— TUi Cbaptar oontalnt « 4«teUed desearf ptkm of the mode of m«URirement of Bnrteoo. 
Slope ( Ajrk a— 4»), cC BjuUo^Vtdl In long ■tntohM (Art. 9, te), md of itate of Oontral (Art. 10— iSf )« 
with ft detaikd diacnnion of the Beealte (Art. 6-7a, H— 17). The Artioles contftining the Conoln- 
eiona (Art. Sa, Sb^ fta, to, 7ft, lOc, 11a. Iff— Ite, 16e, 17) are the mott InterestlDg. 

1. Bed-Slope. — The slope of the bed of an open channel is perhaps 
the most important of the primary drcumsUxnca afifecting the flow of 
water through the channel. 

Uniform Bed-Slope. — In a channel with uniform bed-slope, and bed 
not liable to erosion, the term Bed-Slope has an obvious definite meaning. 

Irregular Bed.-^Bjki in a (channel with an irregular bed, or a bed which ia 
liable to erosion and to silting, the best meaning to ascribe to the term 
is by no means so obyious. The accidental irregularities of the bed are 
frequently ao great, that in any short distance there may be no fall but 
actually a lise, {see PI. I, & lY to YI.) In such a case, the Local Bed- 
Slope would seem to be a quantity of little practical interest ; and the 
AvBRAOB Bbd-Slope (through a long distance) mast be considered in- 
stead. In a ohaxinel like the Qanges Ganal, the bed of which is perma- 
nently defined at short interyals by the masonry floorings of frequent 
Bridges and Falls, the best meaning to ascribe to this term would seem 

to be as follows : — 

Fall of Bed between two adjacent permaneatBoorifigs 
Average Bed-Slope « Distance between those floorings ' ^^^• 

This is of course a constant definite quantity for the Reach between 
any two adjacent floorings. 

Obstructed FaUs. — The presence of "Obstructed Palls", ».«., Falls 
with crests raised above the general Bed— the common type on the 
Ganges Oanal— introduces, howeyer, a special difficulty as to how to 
apply the term in the neighborhood oj such Falls. 

3. Surface-Slope.— The Subfaob-Slopb in an open channel is per- 
haps the most important of the Extbrhal GovDiTtoHs(Gh. I, 13) which 
determine the velocity. 
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It is conyenient to employ the following terms : — 

_ Fall of sarfaoe betweon any two points ,^- 

ATBRAGB SUBFACB-SLOPB = =-r-: rrz It — ' ^ > — (2> 

Distance between those points 

LooAL Subfaob-Slopb = Average Sturface-Slope tit a vtry sJuftt diitanodf (8) 

The latter qaantity^the Local Sarface-Biope— is the most important 

for Thbort, and is the one required (in strictness) in all formula inroly- 

ing surface-slope. But the former, the Avbragb Bubfaob-Blopb, is 

the only one admitting of direct experimental determination. 

Survaob-Gbadibnt. — This term will be used to denote either Fall 
or Slope of water-surface in a general sense where precision is not re- 
quired. 

2a. Slope-Points, Slope-Lengih.— From the definitions it is seen that 
Surface-Slope measurement depends on the accurate determination of the 
Surface-Fall between two points in a line parallel, if possible, to the Cur- 
rent-axis. It will be conyenient for shortness to denote the two points 
in question by the name Slopb-Points, and the distance between them by 
the name Slopb-Lbngth. 

Further, it is clear that the Surface-Fall should be so measured that the 
Result, which is of course an Ayerage Surface- Slope, should approximate 
as closely as possible to the Local Surface-Slope. This involves that — 
<< The Slope-Length should be the shortest compatible with accnracy in estimat- 
ing the Surface-Pall", « .••...... (4). 

The Field-work of the Surface-Fall measurement usually resolves itself 
into finding the difference of level between each of the two Slopb-Points 
and two masonry bench-marks on the banks at a short distance from them : 
the difference of leyel of these latter having been accurately determined 
once for all. Thus the sole regular Field- operation is ultimately — 

" The accurate determination of the Water-Level at the two Slope-Points '', 
the manner of doing which has been fully described in Ch. Y, 3 — 9. 

Li actual practice, the two Slopb-Points are always necessarily two 
points in the water-surface cloae to the banks, the practical determination 
of the water-level at points distant from the banks being one of great 
difficulty, (see Ch. VIII, 8b.) 

2b. Delicacy of the work, — The Surface-slope of all large bodies of 
water in motion in earthen channels in a plain country is for the most part 
(m., except near rapids, falls, &c.)such a minute quantity, as to require the 
greatest delicacy of observation to determine it at all accurately. The 
oscillations of the free water-leyel — noticed in Ch. V, 5— are a serious 



Digitized by VjOOQIC 



112 CHAP. Til. — BURFAOI-BLOPB. 

difficulty in the way, necessitating the use of a far greater Slope-length 
than woald be otherwise necessary, so thai— 

*' The Slope-Length should be sacb as to yield a Surface-Fall greatly exceeding 

the ordinary escillation of the free leTel ", .s.... (5). 

This condition is of coarse inconsistent with (4) above, and a compro- 
mise must be made. 

[Thus in these Experiments there were associated with each Experimental Site, a 
pair of Slope-Points on each bank, one at 1000' above, and one at* 1000' below 
the centre section of the Site, giving, therefore, a standard* Slope-Length of 2000' 
on each bank]. 

To meet the difficulty of the rapid oscillations of the Sarface at all 
Slope-points in the free channel, and which, though subdued, are not 
wholly lost in the so-called '' still water pools *% and also to meet the 
difficulty of possible gentle oscillations of long period, (which, therefore, 
commonly escape notice,) it seems further essential that — 

^ The water-levels at the two Slope-points should be determmed »imultane<nuiy 

by two Observers", (6). 

In order also that the resulting Surface-Slope may tolerably represent 
the Surface-Slope at the centre crosa-eectian of the Experimental Site, it 
seems further essential that — 

** The Slope-points should be equidiitant from the centre section of the Ex- 
perimental Site, and the channel should be «ymme<rtca/— both geometrically and 
physically— about that section throughout the Slope-length, and for some distance 
above and below the Slope-points" (7). 

And it is of course obvious that — 

**The two Slope-points should (unless still water pools can be arranged) be 

situate at such parts of the banks as are nearly free from eddies and backwaters, 

and where the motion of the water is as quiet and equable as possible '\ (8). 

Inasmuch as water-leyel is also slightly affected by velocity {see Ch. 
V, 2, 8), it would seem further necessary that — 

<* The Slope-points should be so situate that the surface-velocities past them are 

nearly equal", (8ff). 

l[Strict compliance with this last Condition is not attainable with any certainty in 
practical work ; it can only be approximated to somewhat roughly]. 

[The important conditions Nos. (7), (8) were/ulfilied to a high degree in the case of 
the principal Experimental Sites, viz., the SoUni Embankment and both SoUnf Aque- 
duct Sites, in consequence of the great uniformity of the banks throughout the whole 
length, 2| miles, of the Sol&ni Embankment (for Cross-Section, iet PI. II) ; and to 
as great an extent as is possible in earthen channels, (the banks of which are always 
somewhat irregular,) at all the other important 6itei except the Belra Site : the Belra 

* By an oversight the lower length was set ont 1080' at the Kamhnra Site, thus giving a Slope- 
length of 20eO' thereat This does not sensibly affect any of the Ytesulta. 
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Bridge nnfortonately fell wiChin the upper Half Slope-length (at this Site), and may 
poasibly haye made the anrface-slopes obaerred at Belra aomewhat abnorma]]. 

2c. OthtT EspermenU,—AB to the exceedingly delicate nature of sach work, the 
necessity of nmnltaneoos obaenration at the two Slope-Points, and the piecantions 
taken by others, tee 

l\ Mite. Report, pp. 302, 803, 814 ; also Abhoft Chiuging ef Rhert, pp. 812, 818. 

2^, Lake River Report of '70, pp. 668, 570 ; Conneetieut Report of 78, p. 350. 

8<*9 Riny EatpU., pp. 73, 122, 144 ; Irrawaddi Report of 79, p. 185, et teq. 

In the Missisaippi and Lake River Reports, the obaenrations at the two Slope- 
Points are distmctly stated to hare been timultaneont. The absence of snch statement 
in the other Reports makes their published Snrface*Slope measorements less yalnable. 

8d. FiBLD-woRK.— The actual Field-practice for Snrface-Slope 
measurement was as follows : — 

The two Observers started at the same time from the Experimental Site so u to 
airive at the Slope-points at opposite ends of the Slope-length nearly at the same 
time. On arrival at the Slope-points (2000' apart) they tignalled to eaeh other, and 
then both knelt down at once on the bank near the water's edge, and took the water- 
level at the two SIope*points as explained in Ch. V, 7, by applying the thin brass 
Foot-Rnlea npon the (permanent or temporary) Bench-mark jost below the water- 
surface, marking with a pencil on the face of the Rnle the *' highest maximmn " 
and ''lowest minimum" water-level which occurred feithiii the tame thort tpaee of 
time, say about lialf a minute, (so that the two water-level determinations were as 
nearly as possible simultaneous,) and also the distinctive number of the Bench-mark 
used. 

On return to the Experimental Site, the marked numbers were always at once 
entered in the Field-Book : and to prevent risk of mittaket (in reading the gradua- 
tions of the Rules), both Observers examined each Rule, and were hf\di jointly respon^ 
nble for the correctness of reading the graduations. 

[The only downright ''mistake" likely to elude subsequent detection seems to be 
the accidental misplacing of the Foot-Rule upside down on the permanent or tempor- 
aiy Bench-mark, which would involve reading *6 for •4, •7 for »$, and so on. This 
mistake may possibly have occurred oecaeionally at the Sites in the Roorkee Reach, 
(and may perhapt be the cause of certain anomalous Results at these Sites) : but it 
cannot possibly have occurred in any of the work done at the other Sites, because the 
Rules were purposely cut (at the top) before auy Field-work was done out of the 
Boorkee Reach, so as to remove any chance of this mistake^ 

A " mistake " in marking on the Rule at the time of use the proper number of the 
(permanent or temporary) Bench-mark used would have led to a change of the deduced 
Surface-Fall of at least 9*, which would be at once recognized as an incorrect result 
on working out in office]. 

2e. Subfacb-Slofb entbibs.— The Surface-Slope obtained aa above is obvi- 
ously— 

S = (Surface.FaU in 2000*) -^ 2000', (9). 

Tbe Results are always very small, never exceeding *000480 in this Work, and, 
therefore, always oontainiog at least 8 (and sometimes 4) ciphers before the first sig- 

Q 
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the Snb-oolnmn of «Loeal Slope ''<§)» (^^lOol.Sof Tab. YH to LY, and CoL So^ 
Tab.LVniteLXIX,Axu), 

These entries ean, dieN^fore, obriouly be read ia two ways : flms take the entiy 
815 in the Snb-colanm of S : this maj be read-* 

SorCace-PaU in 1060' =: *3lfi feet (the decimal point being piefised by the reader). 
Average 6ox£aoe-81ope S = -OOOSlfi, (3 decimals being pNSzed by the reader.) 

As to the mode of r^ipetiti^ entries by eonunaa (^X «« ▼oL II| Art. 6 of Intro- 
dactioB. 

8. WateHflVaL— The water4eyel was detemined aft aU tbe BaCffu-FoiarB 
used in these Ezperiments by the ** Temporafy Free Oange " Methods deacribed in 
Ch. V, 7, q,v, i the aneangement was in all the cases snch that the Average Watxs- 
LwsL as defined in Ch. V, 5, (viz., the mean of the " highest maximmn " and 
** lowest minimnm '' within a short space of time (say about half a minnte) admittod 
of 9My aenurati deierminationy (except in a high wind.) 

The aetoal mode of takkig the water*level at the Slope-Points of eadi Experi- 
mental Site is shown below. 



fifprm, 


SiiOFft-Pourrs. 


ModecftddBRwater-levd. 


Bwk 

mm* 




Banks. Poritkm. 




(New Site, 
IStbMile \ 

(Old Site, 


Both 


In free channel 


As for earthen channels, Ch. Y, 7c, 


Botti 


Left 


n » 


9» 9» 99 99 


Left 


8 (Bmbankment, 

5 1 fMilnSUt] 


Both 


t» V 


As for Sol&nl Embanht, Ch. Y,7b, 


Left 


^^LeftA^nedact, •• 
£ IRig^tAqnedact, 


Left 

Right 




99 » 1» 99 
19 99 99 99 


Left 

Right 


Belra, 


Both 


In Still pool 


Ab for earthen ehaaiieli, Ch. Y, re. 


Both 


Jaoli, •• •• \ 


Left 
Bight 


»} M 


As for Sol&nf Embankt., (^ Y, 7b, 


Both 


Eamhera, 


Both 


In Still pool 


99 99 » » 


Both 



Sol&nf Embankment, 

[mnar BltM] 

Distributaries, 



No slope-measorements taken. 
No dope-measurements tdcen. 



4. Lovelling'^^^oi ^e smallness of the quantity (Sorface-Slope) to be foond, 
the ntmost possible acenracy is required in the levelling operatlona for determining 
the differences of level between the permanent masonry Bench-Marks at the 4 Slope* 
points, and also between these and tiiie series of *< Temporary Bench-Marks" used 
(Ch. Y, 7) for determinmg the water<>leveL 

The whole of the store imporiatu levelling over long distances, via.— 
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1% e u n u e elii ig BendHiwIa U diffenat fispetinailil Bitsi not t«7 te apiit, 

as in the Roorkee Reach ; 
SPy aonneetin^ the naaonrj Ben^sarka at tfaa Slope-poinla 2000' apart with 
each other aad with the EzperhneBtal Site Oaages } 
waa done with an excellent 2<r Trooghton LcTel fvith the utmost oare, at least twiee 
Ofer, oooe by ene Ohsenrer, aad once by a second Observer. Is the case of the 4 
Slope-posnts associated with each EzperisMntal Site, a eoMptote cireuii of levels (eos- 
bradag the 4 poiata) was also inTariablj aiade by each Observer; so that eaeh Ob- 
■srver^ kcveUiag cheeked itaelL In the case of discrefancies exceeding -Ol of afoot 
in tta dreait, the leveUing was repeated* 

4ft. C4mae06oi»q^«Kjr0fit0 6asiif.--These were invariably 
lofwbg proeesBwhidieliniiiiatea all errors of adjastBMiit of the fnatrament, aad also 
tta effects of carvatnrs and refraction at same timsb 

SiqipoBiBg A,B (FL XX, e) two Beach-Maiks, the ditfereaee of level between 
which is to be aecorately detenninad, and that being on opposite banks of a canal 
(or from any other canseX it is impossiUe to place a Level Ailm#ii<AMi. Twoeqnal 
d i s t a n cea Aoi Bi are to be laid oat from A, B respectively in such direciionB that 
Uie triangle AaB, BbA on same bMC AB may be similar and equal to each other, 
bnt oppositely situate. The same Level is to be set np at both points a, h in tnm, 
and reaifings taken /rvsi hoik upon a.single Levelling Staff set np (on both occasions) 
at both points A,B: the Level*StBad shoald be appreziaately sirailaily placed wi A 
respect to the bass line AB on both occasions. 

The dlfiEerenoe of level of the Bench-marks will thns have been twice fonnd ; once 
with the Level at a, and once with the Level at b. The two Results will be equal, and 
will be the troe difference if the Instmment be in perfect adjustment, but not other- 
wise : but the arithmetic mean of the Results will be the true difference of level 
(independently of all errors* of adjustment of the Instrument, and freed from effects 
of curvature and refraction). 
[ThiawillbesaiBcieatlyebvioaafkmtfae refledfon that^ 
1% esah point A» B haa been obsorved once wi& the aame long leeos* onoe wiili 

the same short foGus. 
2", the angular movement of the Instrument is the same at both points a, &]. 
5. Slqpe-Length| Expbrihxntb. — A few (12) Experiments were 
made (at the Sol^ Sites) in 1876 on the effects of nsing different 
Slope-Lengths, by taking water-leyels at four Slope-points on the same 
bank, Tiz.-— 

At 2000' and 1000' above, aad also at 1000' and 2000' below an ExperL Site, 
tbns giving two Blope-Lengtbs of 2000' and 4000' respectiyely^ symmet- 
ficaUy situate about the centre of the Site. These fulfilled in a bigli 
degree the conditions (7), (8) favorable for Slope-measurement. The 
Detaila are given in Tak TiXXTX. 
The Table shows the Saifaee-7aD in each \Wlf length sepsmtely, and the leaalting 

•This w as wim e d ty the author wMi an InatiaaieDt porpMely thrown aoenlf«|y out of ad- 
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Snrface-Slopes (8 dodmaU -000 to be supplied by the reader) in tiie 2000^ and HQOOT 
Slope-Lengths. 

The Experiments (11 in number) at the Solini Bight Aqueduct Site are yaluable, 
aa coyering a wide fiange of the Gauge (l(/*0 to 4/S), and done in calm or nearly 
caUnair. 

[For perfect comparability, the water-leyels should—to meet the difficulty of the 
oscillations— haye been taken simultaneously at all four Slope-Points. This was, 
howeyer, impossible with the ayailable Staff of only two Obserrers ; so that a com- 
promise was made by taking the water-levek concerned in each indimdual Slope- 
meaeurementf Le,, at the two ends of either Slope-Length slrietly iimuUaneoutiiff so 
as to make each Surface-Slope measurement good in itself ^eee (6) aboye). Thus the 
water-leyels at the Slope-Points of the 400(K Slope-Length were taken about 5 minutes 
later than those at the Slope-Points of the 200<K Slope-Length, (this being about the 
time occupied by the Obseryers to walk from the latter Slope-Points to the former.) 
The Surface-Slopes in the 4000' Slope-Lengths, may, therefore, be said to haye been 
measured about 5 minutes later than those in the 2000' Slope-Lengths]. 

6a. Conclusiam, — It will be seen (see Table) that the Barface-Falls 
in the four 1000' spaces differ by quantities greatly exceeding the pro- 
bable errors of the work, and that the Sarface-Slopes deduced from the 
2000' and 4000^ Slope-Leng&s also differ in oonseqaence considerabljy 
and pretty steadily in the same direction. This shows that — 

** Non-simultaneous Ayerage Surface- Slope measurements deduced from differ- 
ent Slope-Lengths (eyen when symmetrically situate about a common central Une) 
are liable to differ considerably, (eyen when not differing by more than 5 minutes' 
interyal), ^ ► (10), 

and confirms the preceding Results (4), (5) that to obtain Local Surface- 
Slope, the Slope-Lengths must be the shortest compatible with accuracy 
in estimating the Surface-Fall. Besult (10), however, eeems to preclude 
the hope of obtaining true Local Surface-Slope measurements with any 
certainty, so that the following procedure seems absolutely essential — 

" To render Surface-Slope measurements in any way fairly comparable, the same 

Slope-Length should always be used at any one Site", (11), 

and it would probably be better to use the same Slope-Length for all Sites. 
6. Surface-Slopes at both Banks. — In a few cases in the Koorkee 
Reach, and on nearly every occasion of Discharg0-measurement in the 
Belra, Jaoli, and Eamhera Reaches, Surface-Slope measurements were 
made on both banks, as follows : — 

let, Pield-work of Slope-measurement on Left Bank. 

2nd, Field-work of Discharge-measurement, &c, (occupying 2 to 8 hours.) 

Qrd, Field-work of Slope-measurement on Bight Bank. 
Thus the Field-work of the Slope-measurements on opposite Banks was separated 
iy 2 0r 8 hours* interval The following is an Abstract of the Results, the details of 
which will be found in Sub-Column S of the Tables and Series quoted. The state 
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of the wind at the time of the Slope-measurement on either bank ia also given in 
the Tables qnoted. 



BITK. 


Table. 


Serial No. 


IJ 


Hlgheet DiaorepftDoy 
of Slopes 


Abbn?iatioiu. 




L>B B>L 




15th Mile, New, .. 
8oUn(£mbanktMain, 
Sol&niTwinAqnedacts, 

Beira, 

Jaolf, 

Eamhera, 


XLTX 
LXXX 


196,197 
168,169 

\m 

201-206 
211-217 
221-226 


8 

15 

49 
49 
50 


•• 
47 in 265 
82 in 225 
24 in 208 
28 in 158 
89 in 801 


25 in 288 
41 in 255 
10 in 200 
150 in 880 
17 in 155 
14 in 806 


L> B means 
Left Bank Slope 


L,LI 

Ln,Lin 

LIV,LV 


Bunk Slope. 

Bight Buk Slope 

greater ttian Left 

Bank Slope. 



The nnmber of Ezperimenis reported above is very large (181) : it is 
nnfortnnate of conrse for the purpose in hand that the measnrementB on 
opposite banks were separated by the long interval of 2 or 3 hours. Two 
additional Experiments are, however, available more favorable for the 
purpose, the measurements on the right baiik having been done within 
three minutes of those on the left bank. The Details are given in Tab. 
LXXXI, q, V. 

[Simnltaneons work was impossible with the Staff (2 Observers) STailable : the 
interral of 8 minutes is simply the time taken for the Obserrers to cross from le£t to 
right bankj. 
6a. CanchmoM, — From all this evidence, it is clear that — 

'* Non-simnltaneons Measurements of the Local Soiface-Slope of opposite banks 
(at same Site) are liable to be very nneqoal, even when not separated by more than 

2 ot 8 minutes' interval", (12). 

It may also be inferred as vertf probable (from the above, and from the 
general Unsteady state of motion of the water) that — 

** The real Surface-Slopes of opposite Banks are not generally equal 'V (18). 

Other Eteperimentt, The same Conclusion (as to inequality of the Surface-Slope 
on opposite banks) appears from Experiments on many Bivers as follows :— 
Bhine Ck>mmi88ion, '67, 4 cases, ) quoted at pp. 524, 528 of Van Nos- 

Elbe Experiments, '72— '74, 1 case, J trand's Maga., Vol. XYI of 77. 
Lake River Report, '70, 9 cases, Report of 1870, pp. 569, 570. 
It is not quite clear from the descriptions of any of the above (given in the Works 
quoted) whether the water-level determinations at aU the four Slope-Points concerned 
in each pair of Slope-measurements (one for each bank) were simultaneous or not. 
From these Besolts twp practical Conclusions may be drawn-«- 
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« The Local Smt-fikipe ahonld be dednoed from meesuemeiitSM boih hmM^X^fy 
^ The measniementB on opposite banks should be nm«2lajieaita*'y....... ......... (15), 

[It nej be objected that neitiier of these OonditioiiB hare been folfiUed in the 
present Experiments. This forms of oonrse a real objection to these Slope-measnre- 
aientSi All that can be said is that the BeBslls are the best that conld be readily 
got under the cireamstances. Mnch of the work in the fioorkee Reach had already 
been ezecnted with Slope-measarements on one bank only before the desirability 
of taking the measorements on both banks was folly recognized. 

It was then thought better to adhere to the old system for aU the tygiematie work 
a ih€ oldtr 8iUi (Fifteenth MUe Old Site, SolAnl Embankment Main Site, and Twn& 
SoUnf Aqueducts) for the sake of preserring the comparability of the old and new 
work thereat Again, simultaneity of the Slc^M-Measurements on opposite banks 
was a practical impossibility with the aTailaUe Staff : (it would have required four 
ObeerrorB instead of two at each Site]. 

7. Surface-Slope at different Sites.— Whilst the nmuUaneous Dis- 
oharge-HeasuremeDts (in the Roorkee Beach) detailed in Chap. XXI were 
in progress, the opportunity was taken of having the Slope-measurements 
connected therewith effected smultaneouely (for each hank separately) at 
each Bite. Great attention was paid to the simultaneity of the water-lerel 
determinations at the several Blope-points, thas— 

Fieid^ork. The whole of the Obserrers knelt down orer tiie water's edge at liieir 
several Slope-points (along one bank) ot 9ame time as commnnicated by signal, and 
registered the highest and lowest water-leyel occurring thereat within say the next 
half minute. Thus the Average Free Level at all the Slope-points (of one Bank) was 
obtained in about the same half minute. The communication by s^^ between the 
Hfteeath Mile and Sdltof Sites (the banks of which are not visible from one another) 
was done from the QOBtre of Mahewar Bridge (m# PL I> ThetwoSoUni Sites aie 
freely visible from one another, so that communication by signal was easy. 

The Besnlts are shown in Tab. LXXXII with certain additional data. 
The arrangement of this Table is as follows :-— 

Each Ifaie shows a Sbt of varioos data collected at about tiie same time at eadi of the 
Bites noted. In every case the Slope^measnrements in the same line aie sirieUif 
timuUeme0H$ (as above deseribed). The remaining data of eadi linoi vis., Qmg^ 
Beading and Wind at each Site are only very roughly so, but near enough for the 
present purpose. 

The Gauge-Readings are given here merely to show that the Experiments in 
question cover a tolerable range of water-level (V*85, 2^*47, 2M8 at the 8 Sites) 
sufftdent to admit of drawing general CJondusions. The entry of * Variation 
of Gauge** shows the variation of (he water-level at each Site during the period 
(2 to 4 hours) occupied by the Discharge-Measurement corre sp onding : tiiis quantity 
gives a measure of the nnsteadmess of the water. The state of the Wind is given merely 
as an indication of the ▼aiying diiflculty of determining the water4evel at each Site. 

[The Gauge-Readings given are thoee taken about the time of the several Slope- 
measuxements, i.^., either juit before or jtitl qfter the several Dischaige-lffeasioe- 
mentB corresponding, and theiefore do not agree exactly with those given (lor the 



Digitized by VjOOQIC 



ART. 7— 8*. 



119 



felodtj^woric)* in the genenl Tables. The Wind entries of same line also will seldom 
agiee, being non-synchronons meaflnrements of Wind at Sites with difFerent ex)f)08nre> 
7a. CoHduHona. — It may be at once inferred from these Besolte (as 
might indeed have been foreseen) that-« 

"The Local Snif ace-Slope differs at the same instant at different parts of tiie 

same Reach 'V - (16). 

Agun, from the occasional marked differences in the change of water- 
leTel at the different Bites, the existence of long wayes may be saspected, 
though of course the want of simultaneity of the Gange-Readbgs on 
which these differences depend throws some nncertaintj on this. 

8. Surface-Slope Record. — Arrangements for Surface-Slope measure- 
ment, in concert with Discharge -measurements, were made early in 1876, 
with the primary object of comparing the two independent yalues of the 
Mean Velocity deriyed from the formulae-— 

V=Diaehaige-^Area,i.c,D-£-A, andVslOOO. VRS) (17). 

Sa. S^^ Record tmpef/Mf.— The Snrf ace- Slope Measnrements were at first 
done onfy whtn the air woe quite Calm ; it being supposed that the delicacy of the 
observation was snch that it was useless nnless done in calm air. The number of 
opportmiitieB of perfectly calm air were, however, fomid to be so few, fliat after a time 
(from November 1877) the Saiface-Slope measurement waa made in general at least 
once a day whenever the Discharge was taken, recording the itateqfthe Wind at 
the same time. 

[Thus the record of Surface-Slopes accompanying Disdiarge-Measorements is im- 
perfect in all the early yeara 1875-1877 as shown below. 



8m. 



TlAB. 



DlSGHABOa- 

MBASuaa- 



SLOPa-MULSUnBMSHTS. 



Left 

Bank. 



Bifbt 



Buks. 



15th Idle 



j New Site,... 




1878-79 


4 


4 


8 


8 


1878 


18 


12 








1876-79 


168 


92 


15 


15 


1875-79 
1876-79 


45 

174 


15 





78 


15 


1876-78 


12 





10 





1879 


58 


50 


49 


49 


1879 


56 


61 


49 


49 


1879 


56 


50 


50 


50 



Both 
Left 
Left 
Left 
Bi^t 
Right 
Both 
Both 
Both 



• then bdng aU •• Hou Gango-Beadings ", (Ch. V, II.) 
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It will be seen ihat In all the earlier Experiments at the older Sites in the Roorkee 
JReacht the Slope-Measnrements were made on one Bank only. On a few special 
occasions they were made on both banks ; these are recorded in special Tables 
LXXX, LXXXI, and discussed in Art. 6, bat thronghont the rest of the Tables 
only one of these has been used, viz., that of the Standard Bank, so as to preserve 
the comparability of Besnlts thronghont these Tables]. 

Bb. Wind £ntbis&— The state of the Wind at the time of the Slope-Meaettre^ 
mentt will be found in ColL 5 of Tab. LVIII to LXTX : there being a single entry 
for Slope-measurements on only one Bank (Tab. LVHI to LXY), and two entries 
for Slope-measurements on both banks (Tab. LXV to LXTX). 

[The Wind* entries in all the Detailed Velocity-Tables VII toLV, are eyeiywhers 
those proper to the velocity-mork, those proper to the Slope-measurements not being 
there given for want of space]. 

8c. Other Surface'Shpeg,— Except as above— t. «., except when Discharges 
were being taken— Surface-Slope Measurements were not made with anp regularity 
throughout the greater part of the Experiments. 

A great many were indeed made (at the suggestion of certain* hydranlicians) 
chiefly in calm weather, with all the other sorts of velocity-work, but in most of the 
Series, the record is veiy imperfect, tee Col. J of Tab. VII to XXXIII, and the 
state of the Wind (at the time of Slope-measurement) has not been printed. 

9. Surface-Fall. — After tlie Experiments had been a long time in 
progressi it was found that the state of the Sarface-Slope appeared to 
exercise a far greater influence on the Velocities and Discharges than 
had been expected. The imperfection (above explained) of the Surface- 
Slope Record in all the early Experiments prevented this being thor- 
oughly traced out. But a means fortunately existed of supplementing 
this by a quantity nearly related to the above, viz., the Total Surface-Fall 
in the Upper Half and Lower Half of each Reach. 

Sa. Head-Oaugb, TAiL-GAnaB.-^In each Reach there is usually a permanent 
Gkinge a little below the Head of the Reach, and another a little above the Tail of 
the Reach. These Ganges will be called for shortness the Head*Gaugb and Tail- 
Gauge of the Reach. The Readings on these Ganges show the water-level shortly 
after entry into, and jnst before exit from, the Reach, and serve to indicate roughly 
the state of snpply into, and of withdrawal from, the Reach. 

[These Gkinges were read some onoOy some two or three timee a day (for Canal 
purposes), and the Readings were filed in the Canal Records. 

The value of this additional information was first perceived abont end of 1876L 
For the work aheady psst, viz., from 1 875 to end of 1876 (and, therefore, affecting the 
Roorkee Reach only), the Gauge-readings were taken from the old records of the 
Canal : after that date they were communicated monthly by the Canal authorities. 

The water*levels at these Gktnges being thus known, give, together with the water- 
level at the Experimental Site, the means of finding the Total Subface-Fall in 

• Mr. H. Bazin, and a«ia. Th. BUia. 
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the portions of the Beaob abore and bdow the Ezpenmental Sits, and alio in the 
whole Reach. 
These will be denoted bj the S/mbols Fi, Fo, F„ F, thns— 
Fi = Snrface-Fall in Upper Sab-Reach, i.^., from Head-Gange to ExperL Site, 

(except in case of Solinf Embankment Minor Sites, v, ii\f.) 
F] = Snrface-Fall in Middle Snb-Reach, i,e., from ExperL Site to principal Gange 

next below, (naed for Roorkee Reach only.) 
F, = Snrface-Fall in Lower Snb-Reach, i.e., either from the Experl. Site, or 

from the principal Gange next below, to the Tail Gange. 
F = Total Snrface-Fall in the Whole Reach, i. e., from Head to TaiL 
Hie detailB for each Site are shown in Table below^- 



• 
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to 
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Aqnedncts, 
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Experl. Site, 

SoUnf Aqnednct, 

Head-Gange, 

Experl. Site, 

Solinf Aqnednct, 
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Solinf Aqueduct, 

Head-Gange, 

Experl. Site, 
Solinf Aqueduct, 
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Experl. Site, 
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Tail-Gauge, 

Experl. Site, 
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8, 404 
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f9 
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F, 
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?8-2 
?10-l 
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The sereral Snrfaoe-Falls <Fj, F,, F,) are entered for ereiy Set of Fidd«iraik in 
Col, 8 ot Tab. Vn to LVII, and in Col. 2 of Tab. LVIII to LXTX. 

It is obTioos that — 
F s F, + F, + F3, at those Sites where F^ is entered, ) ..g. 

F = Fi + F„ at all other Sites, i ** ^ ^ 

10. Contiol. — The Control exercised over the Supply into, and With- 
drawal from, each Reach is what ultimately determines the Surface-Fall 
within the Reach ; the variation of the Surface- Fall cannot in fact be 
understood at all without studying the state of the Control. 

10a. Control at Hbad. — The Control exercised at the Head of each 
Beach exerts little influence over the mode of passage of the water through 
the Reach, t.e., over the Fall of the water-surface : for, howeyer admit- 
ted into the Reach, the water rapidly spreads itself out all over the Bed, 
so as to fill up the whole width of the channel nearly level acroeSf so that 
the effect of Control at the Head is soon lost ; and it would be unne- 
cessary to notice it further, were it not that the Head-Qaugea cure situate 
vnthin its influence, as will be discussed further on. 

10b. Control at Tail ov Rbagh.— The manner of Control at the 

Tul of the Reach has been already explained (Ch. Ill, 5a, b) to consist of — 

1^ Increase or Decrease of the Total Area of the Dihovehure of the Reach by 

(partially or wholly) opening or closing tiie Drop-gates of the Distribntaries 

taking off near the Tail of the Reach. 

2®. Raising of the Crest of the Falls in one or more Bays, by lowering wooden 

'* Sleepers " on to the top of the masonry Crest of snch Bays. 

The latter is by far the most efficient means of controlling the mode 
of passage of the water through the Reach, as the raising and lowering of 
the Crest of the Falls decreases and increases the Fall of the water-surface 
in the Reach above in the most direct manner : this will appear fully below. 

[The necessity for this mode of Control has been explained (Ch. Ill, 5b> to arise 
only daring Low Sapply (in order to raise the water-level sufficiently to force the 
water into the DiBtributaries). 

The amount of snch Control that can be exercised is very great, the highest water- 
level at the Tail of the Roorkee Reach (Asafnagar Falls) having actually occurred at 
time of very Low Supply, (^tee Ser. 131, 171, 172 of *Abstr. Tab. 1^ aiid Dot Tab. 
XLI, XLVIl], 

lOo. Abnormal Readingt.—Were the Obstruction required^whether of Drop, 
gates or Sleepers uniformly applied across all the Bays of the Regulating Works, the 
water-level in each Bay would probably be equally affected. But, from the difSculty 
of raising the Drop-gates and Sleepers in numerous Bays, it is found practically 
more convenient to apply the whole Obstruction in a small number of Bays, rather 
than equally in all the Bays. 

• AlMtr« U •hart for Abttract, Det. for DetaQed. 
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The Resalt is that the Obstniction takes the form at any rate partly of a OoN- 
TBAcmoN in width of the Waterway at the Regulating Works. In consequence of 
this, it follows then that— 

"The water-leYel in the immediate neighborhood of the Regnlating Works 

stands abnormally high when Obstruction is applied ", (19). 

[By abnormally ki(fh is here meant, higher than it would if the Obstruction had 
taken the form of an equal lowering of the Drop-gates, or an equal raising of the 
Crest of the Falls throughout all the Bays alike, instead of the form of a partial 
Contraction of the Waterway]. 

It seems probable that this abnormal raising of the water-leYd takes effect only in 
the neighborhood of the Regulating Works, and is insensible at any considerable 
distance from them : this seems certainly the case with respect to the Head- Works, 
as before remarked. Unfortunately the Head- and Tail-Gauges are situated so close 
to the Controlling arrangements, {see Table below), being usually fixed on' their 
masonry waterwings, as to be within this influence. Moreover, in consequence of the 
Ganges being applied on one Bank (ibidem), there is some uncertainty as to (the 
meaning of) their indications when Obstruction is applied as above, as the water-level 
near the Gauge is liable to be differently affected, according as different Bays (near 
to or far from the Gauge) are obstructed. 



Mstriba- 
tuiet. 



HIAD-WOBKS 

and 
TAIL-WOKKS. 



EiAD-GAUon and Tail-Gaugb. 
rvrae" mwuia tlMt the G«i«« ihowa ** Fim watar-lerd "J. 



Num- 
ber 



Position. 



Bank. I 



Diftanoe. 



Deicriptlon. 



Facility 

of 
Readings. 



Dhanaorf Regulator, 
Asafnagar(18') Falls, 
(ft' ralaed orest). 



Left 
Left 



SI' below Regulator, 
lOO' above Crest, 



Still water. 

Free, 
[Stone 8Ub] 



Liaccurate, 
Accurate, 



500 



Nirgijni (H*) Falls, 

Jaol((18'|) Falls, 
(fi^l raked crest). 



Left 
Left 



4478' below I^lls, 
20(/ above Oest, 



■free, 
[Iron Bar]. 

Free, 
(Stone Blab], 



Accurate, 
Accurate, 



t 

C,B 



440 



Jaolf Regulator 

(6') Falls. 

(^taura (12') Falls, 

(4' raised creet;. 



Left 
Left 



121' below Falls, 
2(KK above Oest, 



Free, 
[Wood Bar]. 

Free, 
[Wood Bar]. 



In rough 

water, 

Inaccurate, 



110 



Anupshahr Branch 

Head-works, 

C9iQriy&la(9'|) Falls, 

(S*! raised crest). 



Right 
Right 



1 8' belowHead- works, 
26' above Crest, 



Free, 
[Iron Bar]. 

Free, 

[Utone Slab]. 



Fairly 
accurate. 
Accurate, 



125 



* In this Golnmn tbe terms *' Aooorste ", *' Inaooorate ", imply simply that the state of the Gauge 
Is (by oonstmotioq* position, &o.) snofa as to admit, or not to admit, of aoonrate reading, 
t O BMns ** Canal Staif " ; B means ** Bzperiments' Stall ". 
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The Genend Resolt ia— 

** The Head- and Tail-Gauge Readings aie usoallj abnormallj high and of i 
what uncertain valae whenever parfia/Obstraction la applied (in jEorm of contraction 

of the width)", - (20). 

In the present Experiments, however, the Head- and Tail-Ganges of the Roorkee 
Reach alone are affected in a manner worth noticing, as will be fnllj shown below 
( Art 13a, et seq,), from the great range of Control that occurred therein. In the other 
Reaches the Experiments lasted only 3 months (Jany., Feby., and March 79), during 
which bnt little change of Control occurred : their case is as follows :«- 

Belra Beach, Head-Gange 4478' below Head- Works, and therefore ont of their 
influence. The Obstmction of the Falls at the Tail occurred only in one month, 
(Feby. '79,) and was always small : it was always applied from the Left bank out- 
wards, never extending right across. The Tail-Gauge, being on the Left Bank, was 
thus always somewhat similarly affected on such occasions, (always reading then 
somewhat ahnormuUy high^ see above.) 

Jaoli Reach. No Obstruction applied at the Head- Works during the above period. 
The Obstruction of the Falls at the Tail was always of uniform height in each Bay,8o 
that the Tail-Gauge readings probably remained ^ normal " (in the sense above used). 
Kamhera Reach, The water was admitted through the Anupshahr Branch 
Canal Head-Works (PI. Ill, VI) of 8 Bays. The Drop-Gates of the two Left 
Bays were kept permanently lowered (thus closing the Bays) to the same extent 
throughout the above period. More or less water was admitted into the Reach by 
raising or lowering the Drop-gate of the Right Bay. The Head -Gauge being on 
the right Bank was thus always somewhat similarly affected, (always reading 
abnormally high, see above.) 

The Tail- Works consist of Falls of three Bays : each Bay was kept constantlj 
obstructed by an nnvatying amount, their crests being raised 1**50, *86' and l'*42 
respectively, throughout the whole period. In consequence of the constant greater 
Obstruction in the side Bays, the Tail-Gauge wtia always similarly affected, (always 
reading somewhat abnormally high, see above.) 

It will be seen that the Head- and Tail-Gauges of these three Reaches, when affeet- 
ed at all abnormally by partial Obstruction of the Regulating Works, were in each 
ease similarly affected, so that the affection is not of so much importance. 

11. SuRPACB- Falls iupbbfegt. — For yarious reasons the Surface- 
Falls ia the Upper and Lower Sab-Reaches, obtained as above described, 
(from the Head and Tail-Ganges,) have not the same value as the Local 
Slopes : these are — 

i. Abnormal Gauge-Readings (caused by Canal-control), 
ii. Inaccuracy of these Gauge-Readings. 
liL Non-simultaneity of the Gauge-Readings. 
11a* Abmormal Oauge- Headings, — ^The occasional abnormal height and eom- 
parative uncertainty of the Readings of the Head- and Tail-(xanges explained above 
as eaused by the practice of unsymmetric obstmction, obviously affects the Surfao^ 
Falls of the Upper and Lower Sub-Reaches (F], F,) as follows, (observing that the 
Gauge-Readings at the Experimental Sites are not thus affected) :— ^ 
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«The 8arface-Fall meaniremeiit in the Upper Sab-Beach (F|) is liable to be 
^cer^Hnkated to an uncertain extent at low water whenever the Head- Works ai6 

partially (nnsymmetrically) obstructed ", .• (21). 

^ The Surface-Fall meoBurement in the Lower Sub-Beach (F,) is liable to be 
findtr-eihmated to an uuoertain extent at low water whenerer the Tail-Works are 

partially (unsymmetrically) obstructed", ^.(22)- 

[The Surface-Fall of the ^ddle Sub-Beach (F2) is of course unaffected hereby]. 
Ill), Inaccurate Gauge'ReadiAgt.^YoT yaiious reasons the readings of the 
Head- and Tail-Gauges are not nearly so aocnrate as those of the Gauges at the Ex- 
perimental Sites— 

V*, Some few of the Gauges are situate in troubled water which oscillates so 

much and so irregularly, that the Water-Level (taken as the mean of the 

highest maximum and lowest minimum) cannot he precisely defined, 

2". Most of these Gauges were read by the petty subordinate Staff of the Canal, so 

that the readings cannot he depended on cheer than the nearett tenth of a foot. 

Great accuracy in these readings is, however, by no means essential, as the Surfaoe- 

WelU in the long distances in question are comparatively large quantities, so that 

small errors in the Gauge-readings do not seriously affect the Besults. 

lie. yon'Simultaneous Qauge^Readings. — The Beadings of the several Gauges 
(viz.. Head, Intermediate, and Tail) were nM in any case eimultaneoue, so that the 
Surface-Falls (Fj, Fg, FJ are liable to be abnormally affected if any considerable 
change of water-level took place in the intervaL This source of uncertainty is great- 
est in the Upper and Lower Surface-Falls (F, and F^) because most of the Head- 
and Tail-Gauges (vis., all those read by the Canal Staff, tee Tab. of Art. 10c) were 
read only at certain times of day (sometimes only once a day), often not coinciding 
closely with the Experiments' Field-work. 

[Small variations of water-level wonld be of little practical importance, for the 
reesoB given above that great accuracy is not essential. The cases in which the 
Besults are likely to be abnormal from this cause (chiefly at low water) can be easily 
recognised in the Tables, as being those in which the "Variation " of water-level at 
the Site itself is considerable]. 

Notwithstanding these* defects, the Snrface-Falls in question are a ral- 
oable record, in helping to trace the cause of very different yelocities and 
Discharges occurring at one Site unth same water-Uvely when the Local 
Slope record is wanting, and also in confirming the indications of the latter 
when existing. 

12. Effect of ControL— In order to study the effect of the Control 
on the Surface*Fall) it might seem necessary to give the state of the 
Gontrolling arrangements for eyery Experiment wherein the Surface-Fall 
is registered. To have done this would, however, hare involyed a great 
extension of the printed Tables (the Surface-Fall being giyen for every 
Set of systematic Yelodty-work throughout the Tables, Art 9a). It 

• Thfl entries F, = -98, (Ser. 116) ; F, = •OO (Ser. 133 «» 171). are probablj mittaku arising 
liom tbe causes above notloed* 
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hM been thought sufficient to limit the inquiry to those Sets of Mean 
Velocity- work along with which a Slope-Measurement was made, (Art. 8a). 

f These Sets ate by far the most interesting Id the whole Work ; and they are ample 
for the purpose, as they cover the whole Range of water-lerel occurring in the Kxper* 
iments, which— in the case of the Roorkee Reach— was very lai^ (from 10' to 0'*7 
at the Solini Aqueduct Gauge), and include great changes in the state of Control]. 

18. Control, Exhibition of. — The following system of ezhibitiDg 
the state of the Control at. the Head- and Tul-Works in a compendious 
manner has been adopted, and is used throughout the '' Comparison* 
Tables" (LVIII— LXIX, and 20—22). 

ISa. Control at Hkad, Roorkee /7eaeA.— The water is admitted into the Reach 
through the Dhanauri Regulating Works (PI. I, Fig, 1) of 10 Bays, each Bay of 
which can he (wholly or partially) closed from overhead by Drop-Gates, (one to each 
Bay.) The surplus water in the Reach above is allowed to escape (if required) out 
of the Canal into the Ri^tma Torrent through theDhanaurf Dam (Fl. I, Fig, 1) of 57 
Openings (47 large and 10 small : the latter are — ^from the form of their bed — styled 
Ogees); these are ordinarily kept closed (to prevent the escape of the CJanal-water) 
by Flood-Gates, one to each Opening, i.0., 47 large Flood-Gates, and 10 smaU Flood- 
Gates (in the Ogees). 

A statement of the total numbers of large and of smaU Flood-Gates open in the 
Dhanauri Dam, and of Drop-Gates doted in the Dhanauri Regulator on each day, 
was supplied fby the Canal Staff. These numbers are entered in CoL 2 of Tab. 
LVIU— liXV in the 8ub.Columns headed- 
Gates open in Dam, Ogees open in Dam. Gates closed in Regulator. 

These figures serve to indicate in a rough way the chance of the Head-Gauge 
being affected as described above, and, therefore, also of the Surface-Fall Measurement 
being abnormally high, (Art. 11a.) It is clear that the closure of the Dhanauri Re- 
gulator Gates is the more important element affecting the Head-Gauge (from its 
situation in the left waterwing thereof. Art lOc). 

Ub* Other Jieachei.—Vor the reasons given in Art lOc, it has not been thought 
worth while giving any record of the state of (Control at Head of the other Reaches 
(Belra, Jaolf and Kamhera). 

ISe. CoNTBOL AT TAIL.— This has been expUuned to consist of two items— 
1^ Withdrawal of water by the Distributaries. 
2®. Fartial Obstruction of (some bays of) the Falls at Tail. 

18d« Withdrawal hy JHitrihitariee, (Q).— The Distributaries leading out of each 
Reach are shown in the Flans of the several Reaches (Fl. I, & III— VI) : their num- 
ber, and the maximum Disehaige of each, are shown in the Tab. of Art 10c, qjo. 

The most convenient mode of exhibiting compendiously their effect upon the state 
of the water in each Reach seemed to be to give simply the Total volume withdrawn 
on each occasion by the whole of the Distributaries in each Reach. With this view 
the Gauge-Reading (or in some cases the actual Depth near the Gauge) of the early 

* 00 oftllad from ebowing wveral valOM of Mota Vetodtj, oolleoted tor ready comperlioii, to be 
dlfooMed in Ch. XX, 

* ODoeadaj<atflul7moning)ln ISTfyTS; thrice a daj (morning, uooo, and fonset) in 1877 
•78, 7». 
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morning of each day for each of the Distribntaries ooneemed waa anpplied by the Canal 
8ta£E. From this the Discharge passing the Gange was taken ont from the official 
Discharge-Tables in nse on the Canal The snm of these Discharges of all the Dis* 
tribataries in each Reach is the Total Volnme (measnred in cnbio feet per second 
withdrawn by the Distribntaries of the Reach. This is what is entered in CoL 2 of 
the " Comparison Tables " LVni— LXIX, and 20-23 ae the -* 

« Withdrawal by Distribntaries ", (in enb. ft. per sec.,) denoted by Q. 

The ratio of this quantity to the Cubic Discharge (D) of the Reach, (Col. 8 of 
same Tables) will gire an idea of the effect of the Distribntaries on the Sorface- 
Fall 

ISe* Average Ohitruction at Tail {k), — ^The manner of Obstmction at the 
Tail of each Reach, by temporarily raising ihe Crest in one or more Bays of the 
Palls, has been already explained (Art 10b). With the Tiew of tracing the effect 
of this on the Snrface-Fall, the height of the Obstmction across each Bay (i.«., the 
height of the Sleepers placed on the Oest of each Bay) of the Falls at Tail of each 
Reach at abont 7 A.M. of each day was sappUed by the Canal Staff. To exhibit 
this in a compendious manner, it was thoaght, however, sufficient to print only what 
may be called the Ayerage Height of Obstruction, or shortly AvsBAOK Obstruc- 
tion, computed as follows : — 

. ^. , ,. ,.^ Total Obstructed Area 

Average Obstruction (*) = - jotal Waterway 

Sum of heights of Obstruction in each Bay . 

~ Kumber of Bays ^^'^ 

the Bays in each system of Falls being of equal width. 

This is the quantity entered in Col. 2 of Tab. LVUI— LXIX, and20-~22« 

18f. OMruction Record imperfect (in Roorkee Reach).— The value of this last 
quantity (A) in tracing out the causes of the very great variations of Surface-Fall 
which occurred in the Roorkee Reach was first perceived about end of 1877, from 
which time a regular record of the state of Obstruction at the Tail of this Reach was 
supplied by the Canal Staff. For the time preceding, such record was supplied as 
was available : it is unfortunately very imperfect from the fact that the record was 
not regularly preserved. 

[It has been, however, possible to supply it (with almost absolute certainty) for 
all cases of High Supply even for that earlier period, because such Obstruction is never 
applied in times of High Supply, so that for all such cases of High Supply the Ob- 
struction was (as far as can now be recalled) almost certainly zero (ir = *(X)). To 
indicate, however, that the entry is to some extent conjectural, (t.e., is not a real ob- 
servation,) the entry is printed with a query, (thus k = ?'00) in all these cases. 

In a few other cases where there was evidence available, but only in a somewhat 
impczfect form, the entries have been printed with a query thus (?4'S0) to indicate 
that they are somewhat conjecturaL 

These queried entries are by no means to be rejected, as they are all almost cer- 
tainly correct]. 

ISg. Detail imperfeet,^AB far as the Surface-Fall of the Lower Sub-Reach (of 
all the Reaches) is concerned, the detail given (viz., the values of Q, A) would pro- 
bably have been nearly perfect for the purpose of showing the effect of the Control 
at Tail, except for the position of the Tail-Gauge dose to the oontrolling arrange- 
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I (aeff Tab. of Art lOc). Agaio, u far as the Sorfaoe-Fall of tlie Boork«e Upper 
Sab-Reach la ooncerDed, the details giyea would not be required at aU {set Art 10a), 
except for the poeition of the Head-Gauge close to (he controlling arrangeraenta. 

The detail actaallj given cannot be said to aSord more than a itingh idea of the 
efEect of the Control in causing abnormally high readings on the Head- and Tail- 
Gbtnges. Bnt this is all that is really reqaired. To ha^e shown it at all fnlly would 
have required the showing the amount of Obstniction applied in eaek Boff tepar" 
ateZy, yvt* — 

Boorkee Reach: Head^Woiks, 10 Bays ; Tail-Works, 8 Bays. 
Belra and Jaoli Reaehet : Tail- Works, each 8 Bays. 
Kamhera Reach : Head-Woiks, 3 Bays ; Tail-Works, 3 Bays. 
This would eyidently have inTolred an immense increase of the printed Tables. 
The practical advantage gained would be doubtful, as it would not enable any correc* 
tion to be applied to the abnormal Gkiuge-Readings to reduce them to normal Talnea. 
As already remarked (Art lOc), the abnormal state of the Head- and Tail-Oaage# 
is not of much importance in the three latter Reaches. 

14. Surface-Fall and -Slope, Diagrams, (PI. XXI, XXII, and 
XLIV— XLIX). — Several Diagrams prepared primarily with the riew of 
showing the dependence of Discharge and Velocity on varioas elements, 
(sach as Depth, Surface-Folly Surface-Slope, Control at Tail, Wind, &c.,) 
serve also equally well for showing the dependence of the Sarf ace-Fall 
and Local Sorface- Slope on the remaining elements Depth at Site, Con- 
trol at Tail, Wind, &c. 

Thus PL XXI, XXn show the Mean SCbface^Falls (F„ F„ F^) plotted as ordi- 
nates to the Mean Depths (H) on the Experimental Vertical taken as abscisste for 
all the Subsurface Velocity- work upon a central vertical, i.e,, far all the Series 
1—28, (Tab. 8, 4>) together with the Mean Wind plotted as ezphilned in Ch. V, 
21d. 

Again, PL XUV shows the Mean Sitbfacb-Falls (Fj, F^} plotted as ordinatea 
to the Mean Htdbaulig Mean Depths (R) at the Experimental Sites, taken as 
abscissae for a// the Surfact'Velocity Series 51 to 59, (Tab. IS,) together with the 
Mean Wind plotted as explained in Ch. V, 21 d. 

PI. XLV to XLVIH show the Mean Subpace-Falls (F„ F,,, Fj), Local Sub- 
facb-Slope (S), Mean Withdbawal by Distbibutabies (Q), and Mean 
Atbbaoe Obstbuction (A) at Tail, plotted as ordinates to the Mean Htdbaulig 
Mean Depths (R) at the Experimental Sites, taken as abscissa for most of the 
'hiean'Ve\iyciijWork,yiz.jfor each qf the MeanVelocity Series 101 to 225* contained 
in Tab. 20—22, together with the Mean Wind plotted as explained in Ch. V, 21d. 

Lastly, PI. XLIX shows the Subface-Falls (F„ F,), Local Subfacb-Slopb 
(S), Withdrawal bt Distbibutabies (Q), and Avebaob Obstbuction (*) at 
Tail, plotted as ordinates to the Hydbaulic Mean Depth (K) at the Kamhera 
Site, taken as abscissa, separately for each day*s Mean Velocity work at that Site, 
taken from Ser. 221 to 225, (Tah LXIX.) 

• A adeotiOB as ezplaiiMd bflnaftsr from thoie beviog nme Serial Nob. i^ 



Digitized by VjOOQIC 



ART. 14— 15a. 129 

[Thus Fl. XYT, XXU, and XLIV to XLYIII ahow only the Mean Rendu qf ths 
•mterai Series indicated, (one ordinate being allotted to each Series.) FL XLIX shows 
the RenttU ef each da^$ work separately, (one ordinate being allotted to each dojf'e 
worh^ ie., nsnally one Sbt, or in a few cases— where two Sets were done in one day^- 
the Mean Besolt of two Sets}]. 

15. Sorface-Oradienty Variation.— From these Diagrams the follow- 
ing broad Oonclasions may be at onoe drawn ; the eyidence will appear in 
discassing the detailed Conclusions :^ 

" The Snrfaoe-Fall (in a long distance) depends chiefly on two elements, 

▼ia., 1«, Depth of water; 2®, Obstruction at Tail", ^ (24). 

** The Tariation of Snrface-Fall (in a long distance) accompanying change of 

depth is quite different in the Upper and Lower Sab-Reaches",. ...•.(25). 

" The Local Sarface-Slope aeems to depend jointly on the Sorface-Falls in both 

the Upper and Lower Sab-Reach ",..- (^)« 

A great difference might of conrse be expected in the Upper and 
Lower Bab-Reaches on acconnt of the proximity of the latter to the 
Obetmcted Falls at the Tail. 

15a. Surfaob-Fall Yabiatioh. — Passing now to details, the follow- 
ing Oonclnsions (Nos. 1° — 9^) may be drawn as to the vanation of the 
Sarface-Fall at different parts of a Beach :— 

1%— ■'The Sarface-Fall in the Upper Sab-Reach (F|) is at most of the Sites 

generaUy (except at low water) less than the (original) FaU of Bed ", (87a). 

[This is best seen by glancing down the Sub-Colamn of Fi in the Abstract Tables 
i, 4^ 18~-lBy & 20^22 : ^0 valaes of Fj will be seen to be at the Roorkee Reach 
and Eamhera Sites generally (i,e., except at low water) less than the original Fall of 
the Bed corresponding. This is no doabt dne to the permanent Obstruction (in the 
slope of the raised Crest of the Falls) at the Tail of each Reach. As it does not 
obtain in the case* of the Belra and Jaol{ Sites, it is no doubt a local pecoliarity 
depending on the amoant of permanent Obstmction at the Tail of Reach. 

To save farther reference, the (original) Fall of Bed in the Upper Sab-Reach for 
each Site is here re-qaoted from the Table of Art 9a, — 

15th Mile Sites 2*8, Sol&ni Embankment Main Site 5*4, Aqaedact Sites 6*6, 

Behra Site *9, Jaoli Site *8, Eamhera Site 3*2]. 
2®,— ** The Sarface-Fall in the Upper Sab-Roach (F|) appears (in absence of other 

inflnences) at most of the Sites to increase slowly with decrease of depth *',...(27ft), 

\see Fl. XXI, XLYI, XLVII, wherein it is well marked on the whole : the change 
Is, however, so small, that it is liable to be masked or even reversed by the effect of 
other canses ; thas increased Obstraction at the Tail (A) appears to account for the 
opposite change at the Belra and Jaolf Sites, (Fl. XLYIII)]. 

8®,— « At veiy low water the Sarface-Fall in the Upper Sab-Reach (F,) appears 

liahle to equal and even exceed the Fall of Bed (even in those cases where it is 

less at high water)," (27c), 

Isee Ser. 20, 124, 125, 127, 180, 181, in Tab. 8, 16, 17, and Fl. XXI, XLVI, 
XLVII. This effect is probably enhanced ahnormallff by abnormally high Head 
Gange-Readings dne to partial closure (contraction of width) of the Head- Works, as 

* Th8 «Koeptioiis are nnmeroOB ; this is best seen in tbe Detailed Tables L— LUI, 

B 



Digitized by VjOOQIC 



130 CHAP. Tlf. — BVBFAOI-BLOPS. 



most of tbe knomeaiet of nich p«rtlal doson (of Gates Sn DfatMurf Begtdalor) are 
•MompABied by hi^h pohM of Fi( «MSer. ISS— 1S7, laS— 139, 176, IN, 181, in 
Tab. 20, 81. 

4^— ** The Surfaoe-Fall in the Middle 8nb-Readi (F,) does not diange in any 
obyiooBlj regalar manner with change of depth", [w» PI. XXII, XLVII],...(27d). 

6^— ''The Snif ace-Fall in the Lower Snb«Reach (F,) is greatttt in deepest 
feater, and deereaeee rapidly (in absence of otiier infloences) and pretty regftbtriy 

with deereaae qf depth*\ (27«), 

[Thu is obfions throaghont all the PL XXI, XXII, and XUV— XUXl. 

6*,— <« The larger ehangee of 8nrface-FisU in the Upper and Lower Snb-Beadies 
(Fi, Fj) are nanally </ eimilar ekaraeter ", ^ (27/). 

[This is shown by the general coneurrence of ealieneee and depreeeiems in tiie 
eonres of F,. Fj, in all these Plates, especially in PL XLVI, XLYIL In con- 
sequence of decrease in depth being accompanied (v. tupra) by change of opposite 
kinds in Fi, F,, the similarity of change noticed does mtt involve eimultaneouM increaee 
or decrease of F], F,. This general concurrence (of saliences and depressions) is 
liable to be masked by yarions caoses partly noted below, especially at low water]. 
7®,— '< The yariation of Surface- Fall in the middle Sub-Reach (Fj) does not 
seem to be generally concurrent with that in the Upper and Lower Sub-Reaehes 

(F.,FO", (27^), 

[see PL XXn,XLyn ; the saliences and depressions of the eurreof F^ cannot 
be said to be generally concurrent with those in the cnrres of F|,FJ. 

8°,—*' Obstruction at the Tail decreases the Surface-Falls (Fi, Fj, F^ and also 

the Local Surface-Slope (S) generally (in absence of other influences) ", (28a). 

[This is obvloDS throughout PL XLV to XLVm, nearly aU high valnee of k 
heing attended with low values of Fj, Fj, F„ S. This is so regular on the whole, that 
it seems probable that many of the apparent exceptions in the Diagrams are due to 
the imperfect record of the Obstruction sTailable, thus— 

PL XLVL The only exceptions are Ser. 118, 119 (B ss 5<48), 121 where tha 
high ralues of k plotted do not seem to haye produced sufficient depression in the 
cnryes of F|, F,, S : but on reference to the details (Tab. LX) it will be seen that 
both mean yalnes ot k sure deriyed from imperfect data. 

PL XLVIL In this Plate in tracing the effect of the ObstmctioD at Tail, it is 
obyionsly necessary to exclude the ordinates on which the yalne of A is unknown, 
Tis., Ser. 179, 177, 175, 174, 170, 169, 166, 165, 163]. 
9^,—^ This effect (decrease of Surface-Fall due to Obstruction) is much the 

greatest in the Lower Bub-Beach", [m0 PL XLV— XLVm, iMMtim],. (28ft). 

15b. Surface-Slope Variation, (PL XLV— XLIX).— The yariatioii 
of Local Sarface-Slope is much more difficult to account for than that of 
the Surface- Falls in the long stretches (Sub-Reaches). The following 
general Conclnsions may be drawn from the Plates quoted :«> 

" The Local Surface-Slope (S) does not change in any obviously regular manner 
with change of depth ", [ne PL XLV to XLlXj,.. (29b). 

" It seems to partake of the yariation of the Sarface-P^Us in the seyerel Sub- 
Reaches, sometimes following one, sometimes another ",. • (29d). 

[A.t the SoUni Right Aqueduct the Slope^variation seems to loUow the Upper 
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Sur&oe-Fall (F,) in deep water, and the Lower Sorfaee-Ftll (F,) in Bhallow water 
(conpare thecorresof F,»Fj, 8, PL XLVI). Again, at the Soltoi Embankment 
Main Site, it seema to follow the Middle Snrfaoe-Fall in deep water, and the Lower 
Snrfaoe-Fall to some extent in shallow water]. 

''In its larger featorea it aeems to depend ehiefly on the amount of Oo$tru&' 

tion at Tail, (decreasing rapidly with increase of Obstmction)," (290)« 

[compare with Besnlta (28a, b) above]. 

The occasional complete disagreement of the cnrvea of F, and S (which maj be 
both considered toeai CJnrres) with each other and with the cnnree of F|, F, (which 
may be considered gentral Cnnres), seems to indicate the pasioge qf wave* down the 
Beach. Snch a state of things wonld of course temporarily mask the interdepen- 
dence of these qnantities, l$ee PL XLVII, Ser. 156, 176, 180.] 

On the whole it may be said that tboagh the Upper and Lower Bnr- 

face-Falls together afford a good indication of the state of the Surface 
in the Reach generally, they by no means suffice to indicate the Local 
Surface-Slope at any particular Site. 
[This might ha?e been expected from Besnlt (16), Art 7a]. 
15e. Withdrawal by Distributariea.^li might be expected pretty 
confidently d priori that an increase of Withdrawal in the Distribntaries 
(taking off the Oanal near the Tail of eacU Reach) would coterie paribus 
increase the Snrfaco-Fall, at any rate in the Lower Sub-Reach. This effect 
ifl, howeyer, yery obscnre in the Diagrams (PI. XLY — XLIX), and espe- 
cially in the Lower Sab-Reach : this is probably due to the fact that-^ 
1^ At high water the maximum Withdrawal by Distribntaries (Q) is only a 
small fraction of the Total Cubic Discharge (D) passing through the 
Reach, and, therefore, produces a proportiouAtely small effect 
S". At low water when the Withdrawal by Distributaries (Q) is a much larger, 
and occasionally an important, fraction of the Total Chibic Discharge (D) 
through the Beach, the effect seems to be wholly masked by the occurrence 
of the (far more e£fectiTe) Obstruction at Tail of Beach. 
I8ee Tab. LXL In Ser. 131 Q-^D > i whilstin the remaining Ser. 132 to 139 
at this Site Q -^ D lies between i and ^, 

6m also Tab. LXIY. In Ser. 171, 173. Q-HD > i and | lespecdrely, whiUt 
in Ser. 174, 176, Q -^ D < h end in all other neighboring Series much less. 

In all the more marked cases of relatiyely large Withdrawal by Distributaries 

(Ser. 181, 171, 173), the effect on (t.A, expected enhancement of) the Surface-Falls 

and -Slope is quite masked by the oeeurremes of high Obstruction at Tail of Reach]. 

Although the effect is generally quite obscure, there is in some of the Plates a 

marked agreement between one or other of the cnrres of F], F„ and Q, at high water 

(in absence of yariation of Obstruction at Tail of Reach) in the general concurrence 

of the saliences and depressions upon the same ordinates. 

The yariation of the Withdrawal in the Distribntaries aeems here to be the cffi- 
cieat cause of the variation of the Surface-Fall : high and low Withdrawal (Q) 
piodneing high and low Suface-Fall (F|, F,) respectiTely. 
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[8€e FI. XLVI.Ser. 108 to 117. No ObstnictioD at Tail of Reaeh. Here (iie 
cnrres of F|, Q agree In their aeTeral irvegnlaritieB throaghont the range indicated ; 
bnt the carve of F^ is strikingly different 

AlsoFLXUX,pa««t9t. Obstniction at Tail of Beach constant thxonghoot. Here 
the cnrves of F^ Q agree generally in their scTcral irregularities throughout the 
whole range : the marked exceptions are few, viz., where B s i'^IO, 4'«18» i'iJid, 4'-O0, 
(or 4**05,) & 4'*02 ; it must be admitted, however, that this includes most of the more 
marked irregularities]. 

16. Free Surfacet Diaobamb, (PL VIII, IX).— These Diagrams 
are intended to show ihe figure assumed by the Free Surface of the water 
dUmg a Beach with yariona depths of. water, and yarions states of Con- 
trol (as shown by the Average Obstruction at Tail of Reach). The 
Plates show the Results for the Roorkee and Jaoli Reaches only. 

[The Boorkee )leach Besults (PI Vm) are by far the most instmctiTe from the 
great range both of water-level and of Control Uiat occurred therein. The similar 
Diagrams for the Belra and Kamhera Beaches have not been published, simply 
because they were found to contain nothing instmctiTe, not sufficiently illustrated by 
the Boorkee and JaoK Reach Results]. 

16a. BxplanaUo%,—lSM^ Plate shows a longitudinal section of the Beach with 
details nearly as in the general PL I, V described in Glh. HI, 8; showing the outline^ 
howeyer, only of the original Bed bHween the seyeral permanent masonry floon (in- 
stead of that of the existing Bed, which seemed unnecessary for this purpose). 

The figure assumed by the Free Surface along the Beach at yarious leyels has been 
drawn upon the longitudinal sections by plotting at each Gfauge the Mbak Watbb- 
Leyel (as defined by the Mean Gkinge- Reading K or H) from certain Sebibs of 
Telocity- work, yiz., from eyery Series in the Jaolf Reach, and from certain selected 
Series in the Boorkee Reach. For eTcry such Series, the Gauge-Beadings of at least 
three Ganges, (yiz., at the Head, at an Experimental Site, and at the Tail,) are ayail- 
able : and in the case of Series of yelocity-work at the 15th Mile and Solanf Embank- 
ment Main Sites, a fourth Gauge-Reading (at the SoUni Aqueduct) is also ayailablo. 
Straight lines joining these points show of course (in aroogh way) Uie outlines of the 
Fbbb-Surface along the Beach. 

The ATerage Height of Obstruction upon Crest of Falls is shown by the thick 
black lines raised upon the Crest of the Falls to the left of each Plate : the height of 
these shows in fact the (sTerage) height of the temporarily raised Crest, (or in other 
words of the Obstruction.) 

[To exhibit this distinctly for eadi Series, these lines^which would in reality OTer- 
lap— haTC been plotted separately, slightly spaced out oyer a small horizontal width, 
which may be looked on as an enormously enlarged pictorial representation of the 
width of the masonry Crest : similarly the thick lines in question may be looked on 
as pictorial representations of the crossHsection of the <* Sleepers" used to raise the 
Oest temporarily]. 

The Free Surface Lines have been carried out beyond the Tail-Gauge in both 
Plates, and connected with their scTcral (Tcrtical) Obstruction-Lines to enable the eye 
to trace their connexion. The Serial Nob* attached will also help the eye in tracing 
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oat indiTidnal lines on the Plates, and farther enable reference to be made to tiie 
Abstract Table 1. 

I6I1. AUtraet Table 1,— To save reference to the details, an Abstract of all the 
data required is giyen in Abstract Table 1. This shows the several Serial Nos. 
and number of Sets in each Series: and the mean values for each Series of the 
following qoantities : — 

1^ Elements showing Control at Head of Roorkee Reach as in Art Ida. 

2". Elements showing Control at Tail of either Reach (m., Q, t of Art 18d, e). 

8^. Readings of the seyeral Ganges (t.e., from 3 to 4 for each Series). 

4^ Resulting Sarfaoe-¥alls (F„ F,, F^ F) in each Sub-Reach. 

&*, Local Sarface-Sl(^)es (S), in many cases. 

16c* Roorkee Reach Diagram, (PL Vm).— To prevent confusion, the sloping 
lines which show the Free Surface for Series of velodtj-work done at the various 
Sites in the Roorkee Reach (PI. YIII) have been drawn in different styles (e.^., clear, 
dotted, chain-dotted, and in long dashes, as detailed on the Plate itself, q. v.) for each 
Site. Also each such Line is drawn continuously only across those Gauges from 
which it was plotted, (as detailed in the Reference Table, PJ. YIII,) and is broken 
where oroesing other Gauges. Many of these lines are also interrupted, to save 
confusion where much interlacing occurs, the connexion being indicated by arrows, 
and by repeating the Serial Nos. 

16d. Seleetion of iSmet.— The Results avaikble in the Roorkee Reach are so 
numerous as to produce simply a confused mass of lines when all plotted together. 
A selection was accordingly made first of all those oontuning a complete record of 
the Obstruction at the Tail of the Reach, (thus rejecting a great many. Art. 18f) : 
among these again preference was given to those containing readings otfour Gfauges, 
t.A, Series at the 15th Mile and SoUnf Embankment Main Site. After taking as 
many of these as could be conveniently plotted without confusion (t.0., after actual 
trial), a further selection was made of such Series as contained a nearly perfect re- 
cord of the Obstruction at Tail, and seemed otherwise instructive. 

16e. Free Surface Figure, (PI. VIII, IX).— First let it be obseryed 

tiiat, if the Falls at the Tail were tmobstmcted, the gradient of the Free 

Sorfaoe might be expected to be steeper than the Bed-Slope^ especially 

near the Tail, in consequence of the '' draw " of the Falls. Bat the 

permanent Obstruction at Tail, (the raised Crest of the Falls,) has had 

the effect of flattening the gradient of the Free Surface near the Falls 

to such an extent that at time of Highest Supply the Free Surface 

throughout the Reach is roughly parallel to the original Bed-Slope^ (this 

is best seen in PI. YIII.) 

[The raising of the Crest of the Falls may, therefore, be said to have effected its 
object, vi&, the reducing the gradient of the Free Surface of the Lower Sub-Readi 
ao as never to exceed that of the Upper Sub-Reaches]. 

The following Conclusions (completely in accordance with the preced- 
ing) may be drawn from these Diagrams :— 
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" In times of High Sapplj, with thenfoie Deep Water in the Upper Snb-ReadieSy . 
when there is no temporary Obstmcticm at Tail, the Free Suiaoe avoJu aa 
follows: — 

in nearly parallel linea in the Upper Bab-BeacheSi - m......«..^— ....(SOi*)^ 

in conyerging tinea, (i «., with gradoally flattening gradient, or diminiahing Sor* 

face-Fall) in the Lower Sab-Reaches'', ^..„ (30^), 

isee Ber. 191 to 197, 151 to 161, 106, 112 to 125 in support of the aboTe]. 

*< ObstraetioQ at the Tail flattens the Free Sorf aoe Gradient generaUjr for a long 
distance back ". ISee 6er. 116, 120, 127, 181 to 189, 22, 164 to 181], (80c). 

** This flattening takes place with far greatest effect orer a certain stretch (which 
may be called the Obstbuotkd Sub-Rbagh), defined by a level line throngh the 
Crest of the Obstmction ". [iS^Ser. 22, 164, 176, 180, 181], (80J), 

'* and with effect n^idly diminishing with increase of distance above the said Ob- 
Stmcted Bab-Reach". [See Series 116, 120, 127, 181 to 139, 22, 164 to 181], (80e). 

** With same depth at any Gange increased ObstrBction cansss increased flatten- 
ing (or, which is the same thing, leas Sorfaoe-Fall) in the portion <tf Beach below 

tiiat Gange", ^ (80/). 

lUgper GoMgB (No. 1) ; 0)mparo Ser. 164, 120 ; 125, 168 -, 186, 168 ; 181, 176 i 
176, 178 ; 180, 171 ; 127, 172. 

Cadrdl Oauge (Na 4) ; Compare Ser. 161, 22 ; 164 with 181, 171, 172 s 168 witii 
181,171, 172; 176, 178]. 

** The figure of the Free Surface is a nearly oniform slope at Highest Supply, 
and is coMMve below Highest Supply, the concavity increasing as tiie water>level 
sinksi and increasing rapidly, and extending further back with increase of Obstm^ 

tion at Tail "• [This is of oonrse involved in what precedes], dSOg), 

[The existence of ooncaviiy is clearly due to the Obstruction at Tail of Beach : 

) the Falls unobstructed, the figure would undoubtedly be convex (if the Bed-slope 

I uniform)]. 

JaoU Reaeh, (Fl. IX).— The Range of Depth and of Obstruction is small ; it 
sniBoes to say that the Diagram confirms the above OanclusioBB. 

17. Oeneral Oonclusioas^— The general Oondiuioiis from the above 
diacnssions are that— 

''The Surface-Gradient at different parts of a Reach is chiefly determined by 
the state of Control at the Tail" ^ (31a). 

^The power of Control capable of being exercised in the Ganges C^al is so 
great, that it forms the chief element in regulating the mode of passage of the 

water (i. e., with high or low surface-gradient) through each Beach ", (818). 

And it will be seen hereafter that Velocity and Disoharge at any Bite 
are thns really more dependent on this element than on any other : so 
fhat in fact the mere item of '< depth of water" or ''state of Gange" 
at a Site is no eriterian whaUver of the Velocity or Disoharge throngh 
the Site. 
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CHAPTER VIII. 
SURPACB-CONVEXITY. 

Prt^iMv— The ml^jeot of thli Chapter-BzpttlmaitB on 8iiifM»-€oot«xity^ii cf bish theontle, 
but of Uttla pfaotdoftl, intoNit. 

L Hydranlio Prossiire.— Theory indicates that the pressDre in a fluid 
In motion is always less than the hydrostatic pressure, at any rate in the 
case of Stbadt Motiov, by an amount yarying with vd^ -f- 2^, (where w 
is the weight of a cubic unit), and therefore increasing with increase of 
velocity* 

After proving this* for the case of Steady Motion tn a pipe fiovoing 
JuLlj (upon a certain hypothesis as to the law of fluid friction,) the late 
Canon Moseley quotesf the followmg Experiment (of Professor Ludwig of 
Leipsic) in illustration. 

Experiment t (PL X, lig, 4).— *<In the accompanying diagram AB is the section 
of a pipe filled with water which flows through it CDE ia a continaons glass tnbe 
whose straight part CD passes throngh the pipe in a direction perpendicalar to its 
axis, enters it by stofiSng-boxes at e, d, and is capable of being moved in the direction 
CD without leakage, a and h are small apertnrea in this tube. The pipe being 
filled with water, the tube also fills with it But the water in the pipe being in mo- 
tion, and the aperture a nearer to the axis than h, the pressure at a is by (equation 
(20) le88§ than that on }« The water from the pipe therefore flows along the tube 
tiirough ft in the direction DEC, as shown by the arrow • • * and the air- 
bubble." [The air-bubble is at e]. 

This would seem to be a positive (experimental) proof that the greater 
the velocity the more the hydraulic pressure falls short of the hydrostatio 
pressure, in cases of Steady Motion in pipes at any rate, throughout a 
transverse section. 

2. Surface-Convexity. — How far this applies to the Unsteady Motion 
in Open Channels seems doubtful. However, Canon Moseley goes on to 
generalize the result. 

At p. 358 of same work— 

** In all streams there cannot but be a tendency in the water to transfer itself from 
the sides, where the motion is slower and the pressure greater (as shown by:( equation 
19) to the centre, where the motion is quicker and the pressure consequently less — 
and also to rise from the bottom to the surface, carrying up with it the mud ". 

And again, at p. 44 of Vol. XLIV of same work, writing of Open 
Channels — 

** As the pressure is ereTywhere less where the velocity is greater, it is evident that 
there will be a tendency in the liquid on the surface to flow from the sides of the 
channel towards the centre, and that thus the velocity of the surface-water at the 

• Moeel^i Steady Flow, Philos. Maga., Vol. ZLn, p. 88S. 
t The niimbered eqaations refer to the Paper qaoteo. 
9 Beoaoae the valoolty at a U greater than at »• 
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centre will be diminiahed, and the water heaped np, drowning, as it were, the point 
of greatest Telocity in the section ". 

Oanon Moseley apparently indicates that the water-sarface wonld not 
be liori^pntal along a transyerse line in the surface, bnt would stand higher 
(or ''heaped ap'') near the centre where the yelocity is great, than near 
the sides where the velocity is small : so that a cross-section of the sur- 
face wonld always be convex. 

Now two of the above resolts are undoubtedly true in Open Channels, 
t.e., agree with Experiment, viz. — 

1", the constant transference of the snrface-water from the sides towaxds the 

centre, see Ch. XVII, 14b. 
2^, the depression, as a mle, of the maximnm velocity-line below the sorface, 
see Ch. X, 8. 
But evidence as to the " heaping up " of the water over lines of quicker 
motion (e.g», near the centre), or in other words, of the convexity of the 
surface is almost wholly wanting. 

2a. Small Scale Evidenob.— In the Atlas of Plates illostrating Bazin's Ex- 
periments on Open Channels, there are 46 cross-sections of various small Open Chan- 
nels (not exceeding 6'^ in width), in which the cross-section of the water-sarface is 
also given in snch a way that it is apparently derived from caref al measarement of the 
snrf ace-level at many parts of the section. The following Table shows an Abstract 
of the number of cases in which the surface is — 

1% higher at the centre than at both sides, (9 cases,) 
2^, level across, (10 cases,) 
8°, lower at the centre than at both sides, (8 cases,) 
4°, other cases not falling under 1% 2^ 8°, (19 cases,) 
separately for each of the four cross-sections figured, (and with complete r e f erence s 
to enable the reader to verify the conditions.) 



NUMBBB OP 
CASES. 



8DBFACB. 



Cross 

Sections. 



Refebbnob to Bazin's Atlas. 



CroBB-SecUons. 



Reotangle. 



Plato. Flgoras. 



Trapesoid, 



PUte. Fig. 



Trlsngle. 



Plato. Fig. 



Semidicle. 



Plato. Fig. 



1^ Centre higher 
than both sides, 

2^. Level across, 

8®. Centre lower 
than both sides, 

4^ Other cases, 
(not fsUing under 



Totals, .«. 2^ lo a 7 46 



zi2C,5,9, 
XXI, 1, 
XXVI. 6,7,8, 

XX, 1A6,6,7,8, 

XIX, 1,2,8, 
2CX, 10, 

XIX, 4,6,7,8, 
XX. 8,4,9,11,12, 
XXI, 2, 
XXVI, 6, 



xxin, 1,5,6, 

XXI, 8,4, 
xxm, 2, 

XXI, 6,6, 
XXIII, 8,4, 



XXI, 7,8, 



XXII, 2,6,8. 

••■ 
••• 

xxn, 5. 

xxn, 8. 

xxn, 1,7. 
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So fir there is no evidence of the existence of a central elevation, at a general rule^ 
there being in all,— 

9 cases of central elevation, 8 cases of central depression, and 29 other cases. 

The aetnal amounts of the central elevation and central depression are given (in 
millimetres) in following Table :— 



Cbmtbal Blsvation 

(»Qm«). 



Cbhtral Dbpbessioh 

(8 0MM) 



Cte«8«oMon« 



Beotaogle. 



drdo. 



Tnpcnid. 



^1 



Seml- 
diota* 



Refeience 3 ^^^* - 
C** »«*»•• A«-l- 1 Fig., .. 



xiz 

5 9 



ILIVATION OH DBPRI88I0K 
(la BlUimtew]. 



Abof or below (^'»«^ 
aightBank, 



waternifaoeat |. 



ZZI 

1 



XXVI 

5 7 8| 



xxn 
2 6 8 



10 a8 

26 



XIX 
1 2 8 



13 5 



zxi 

8( 4 



xxin 
2 



xxn 
8 



Bemembering that 1 millimetre = about ^ inch, it seems probable that— considering 
the difficulty of the measurement close to the edge— the cases in which the cen- 
tral elevation or depression falls short of 8 millimetres, (about ^ inch,) at either bank 
ahonld be rejected, and should be classed under Class 4® above. 

The number of cases in which the central elevation or depression is a tolerably 
marked quantity (exceeding say 2 millimetres) at both hanks is only 6 of elevation, 
and 8 of depression, out of the whole 46 cases. 

Thus the evidence (from these Experiments) is quite trifling. 

2b« Labob 8oalb Evidbnob. — The eyidence from Experiments on 
the laige scale is still more meagre. The aathor has been able to find 
record of only one snch, (and that only atf second hand, quoted at pp. 
195, 196 of the Mississippi Report.) 

"The Annales des Pouts et Chauss^es for 1848 contains a long and exceedingly 
interesting Memoir by M. Baumgarten upon a portion of the Garonne • • • 
He reports some interesting and unique measurements upon the transverse section of 
the water-surface at a nearly straight portion of the river (width about 600 feet) both 
when the water was rising and falling. When rising, at the rate of about 6 feet in 
twenty-four hours, with a maximum velocity of about 7 feet per second, he found the 
water in the middle to be about 0*4 of a foot above that on the right bank, and 0*1 
above that on the left. When falling, at the rate of about 8 feet in twenty-four hours, 
with a maximum velocity of about 7*5 feet per second, the water-surface was sensibly 
a plane, being at the right bank a little less than 0*1 of a foot above its level at the 
opposite side of the river. The velocities at the banks are unfortunately not given in 
eitiier case". 

8. Heasaiement of conyezity. — On account of the high theoretic 

t Tha aatbor luM not been able to obtain ■ oopy of the original from any pabUo library In 
Hoctharn India. 
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interest of this qnestion, it seemed right to make an attempt to test it 
experimentally in a wide channel. 

8a. Convexity erpeeted—lt was sapposed*— from the theoretical groondsabore 
— tiiat the quantity to be measured, yix., the Eleyation of the snrfaoe at the centre 
above the sorface at the banks woald be of the order of the — 

" Difference of the heights dne to the velocities at the sorfaoe-oentre, and snxfaoe- 

margin ", ue,, comparable with (Po* — ^b*) -t- ^9 
where, v^ s central surface-velocity, Vb = margin surface-velocity. 

Now in the SoUni Embankment at high water, the central surface velodty (o«) 
commonly exceeds 4' per sec, and the margin surface velocity (vb) is always very 
small, say less than '5 foot per sec. With these values, and taking ^ sa 82, Uie rise 
at the centre might be expected to be« 

(vo* - rb«> -T- 29 = (*• - (\y] -7-64 = (J - rfy) feet = 8 inches nearly, 
a quantity so large, that it coold not fail to be discovered on actual trial. 

But on actaal trial, it was found, on the contrary, that the quantity to be measured, 
the RiSB at the centre was certainly a very imall quantity ; (if indeed possessing 
any real existence.) 

8b. Dblicact of the obsebyatiok. — The whole water-surface being in a 
constant state of small but rapid oscillation, and also possibly of gentle oscillation of 
long period, renders the measurement of tmall differences of level between different 
parts of its surface extremely difficult. And for reasons similar to those given in 
Ch. Vn, 2a. 

** The Water-level must be taken simultaneou^y at the centre and banks ",.••.•.(!), 
andalso^ 

"The Water-levels sought are the means of the ** highest maxima" and "lowest 

minima'' recorded within the same short interval (say half a minute)", (2). 

Again, it is clear that, inasmuch as irregularities of the banks are themselves cap- 
able of producing backwaters and eddies, and possible variations of surface-level, the 
Experiment ought to be tried in a long uniform straight reach with regular banke, 

[The Solinf Embankment is an unusually favorable Reach for this purpose, {see 
Ch. Ill, 9 :) the Experiment was performed at the Main Site, at which nearly all the 
velocity-work was done]. 

The determination of the water-level at the centre is a matter of very great diffi- 
culty, it being difficult to define the position of the point on the surface (which is to 
be observed from the banks) without actually touching, and thereby considerably 
ruffling the water-surface to an extent likely to mask the phenomenon sought Eren 
with the aid of a Bridge, it would be a matter of great difficulty, but the difficnlfy is 
much increased if no Bridge be available. 

[The author has not been able to obtain access to any works explaining how other 
Experimenters have attempted this. None of the Canal Bridges near Roorkee were 
available for this purpose, as their Piere and towing paths completely destroy the gen- 
eral regularity of the motion of the water]. 

4. Experiment, (PI. X, 1, 2, 3).— In the absence of the aid of a 
Bridge, the mode adopted was as follows : — 

* This rapposltion waf accepted in tht HiislMippi Report (p. 80J). 
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A thin (I* girth) wire rope was strained tightly across the Canal at the Solinf 
Embankment &Cain Site, the straining being effected with the straining screws (shown 
at S', S*) nsed for straining telegraph wires. K small brass « saddle '* (m) was fitted 
to slide along the wire, carrying two brass clamps snitable for gripping Levelling 
Staves. Two ordinary Levelling Staves (graduated to 'Ol of a foot) (CV, (Ti?*) 5' 
long were earned by these clamps, and being of eqnal weight balanced each other, one 
on each side of the Wire Rope ; one staff facing fall to either bank. Two thin strips 
of sheet brass (c', 0*^,6^ long by 1}* wide by ^* thick, gradoated on one side pre- 
cisely like a Levelling Staff, were screwed on to the feet of the staves, in sach a way 
that their graduated faces appeared like contimiationt of the graduated facet of the 
Staves ( JHg, 8), and continued downwards below their seros. ^ When in position for nse, 
the Staves were clamped in snch a position that the two thin brass Strips dipped 
about S* into the water, and were turned with their thin edges to the current. 

The arrangements for taking at the tame time the *' highest maximum " and " lowest 
minimum" water-levels at the centre c\ o", and at both banks, B', B' will now be 
nnderstood from the Diagrams, (PL X, 1, 2.) 

S'S^ is the Wire-Rope. CV, C V is the pair of Levelling Staves balanced on either 
^de of the Wire at mid-channel m. e', e' are the thin brass strips dipping into the 
water. B'B* is the water-surface. 

T*, T* are two theodolites placed on the banks opposite to the Staves C, CTi with 
their telescopes pointed down to the water-surface at e\ e' respectively. 

L', JT are two Levels in good adjustment at 100' down-stream, carefully levelled 
and pointed towards the Staves C, C respectively. 

B'l B' are two of the thm Sheet Brass Foot-Rules described in C3l Y, 7a, placed on 
the top of the highest wetted step on each bank, with their thin edges to the current, 
wherewith to measure the height of the water-surface above the step in question. 

Field-work, Six Observers worked* in concert, viz., one at each Theodolite tele- 
scope T', T* ; one at each Level J/, L"; and one at each Foot-Rnle B', B'. 

All four telescopes T', T', L', L' having been carefully f ocussed, the six Observers 
applied themselves at a given signal to their several Instruments (T', T', L', L', B', 
B"), and obtained first the approximate readings. After which two more signals 
were given at about one half minute interval, within which space of time each Ob- 
server recorded the ** highest maximum *\ and ** lowest minimum " reading. 

This operation was repeated many times in succession. Lastly, Levelling Staves 
being placed on the top of the Bench-marks at B', B', both Levels were directed in 
succession on both Staves and the readings taken. 

All the data requisite are now obtuned. 

Let H^ = reading of Staff upon Step B', as read from Level 1/, ^ the single ac- 

„ kf = reading of brass Foot-Rule at B', I cents ref er- 

„ (y=i reading of Staff C as read from Level L', ( ring to th e 

„ o' = reading on strip at foot of Staff Cf as seen from theodolite T', ] Left Bank, 

and let the same symbols with double aeeentt refer to the Right Bank. 

• The aattior's acknowledgmentB an due to the Staff and Stadenta of the Thomaaon 0. B. College 
who aaaisted In thla difflcnlt Experiment, vla^ to UeesrB. 0. C. SaUivan, J. H. Fairley, J. Low, and 
W. Hay, Head and Aaat. Maatera of the Upper Sabordinate Clace ; and to Uu J* T. Farrant, Mr* 
W. A. B. Swinnerton, and B&b6 BattA LAI, Stadenta ot the Bngr. Claaa. 
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Then it is dear that, {see PL XX, 11)— 

Bf ^ y=: depression of water-sarfaoe at Bank B'| below the lerel plane | (8a), 

Cy + ^ = depression of water-sorfaoe at centre CK j defined bj the Level L' \ (8(), 

* /. (H'-A0'"((^^+O = BloTation of water-snifaee at centre ef above water- 
surface at left bank B', (4a), 

and (ST - A") - (0*+ O = Elevation of water-snrface at centre e" above water- 
surface at right bank B* ^ (4(), 

it being understood that A^ (y, e* ; A* 0", O >^ ^^ ^&ch caae the arithmetic mean 
of the ''highest maximum", and <* lowest minimum", observed within the iam€ 
ha^ minute. 

The Besults above obtained are affected by the personal equations of the Observers, 
and bj any imperfections in the Instruments J/, V. To eliminate any error hence 
arising, after a given number of operations, the Observers doing similar work on 
opposite banks changed places {Le., T' with T*, If with L", B' with B'') carrying 
their Inatruments with them; and an equal number of observations were made in 
their new positions, ending as before with reading Staves placed on both Bench- 
marks B', B* from both Levels. 

From the symmetry of the geometric figures on either side about the axis of the 
' stream {tee Plan), and from the mode of interchange of Observers and Instruments, 
it is believed that the effects of ** personal equation " and of instrumental eixoiB most 
be eliminated from the mean of die whole. 
4a. Tbial.— The Experiment waa tried on two different days, vis., 
12 times on each bank on 19th May 1877,| in the early morning 
24 times on each bank on 28rd June 1877,) on both occasions. 
[Eveiy possible care was taken to make the whole of the Observations tmstworthy. 
Both Levds were excellent 20* Instruments : their adjustments were tested just before 
each Experiment, and an additional Assistant watdied the correctness of poatioa 
of the bubble of the spirit-level dmring the whole time that readings were bem§ 
made^. 

The Experiment was a very tedious and difficult one. The rush of water past the 
feet of the central Staves carried the Staves slightly out of the perpendicular, and 
the water stood a little higher at the up-stream edge than at the down-stream edge of 
their feet : the water-level was always taken at the down-stream edge. 

Again, small weeds repeatedly caught in the feet of the central Staves, and caused 
so much disturbance of the water as to render further reading useless until the weedi 
were freed. Every time this occurred a boat had to be sent out to free the weeds : the 
disentangling of the weeds gave a jerk to the wire-rope, setting it oscillating violently : 
no further readings could be taken till the oscillation from thia cause subsided. 

[In consequence again of the Experiments being done in the early morning, the Staff 
(y facing the East (or left) bank was.in much better light than the Staff CT facing 
the West (or right bank) ; the foot 6" of the Staff CT being in shadow, it was diffi- 
cult to see clearly where the water cut it An attempt was made to light up the 
foot e" of the Staff C with a heliostat, but the aky was doudy on both occarions^ 
and the attempt failed]. 

The details of the Data and Besults are given in Tab. LXXVII, LXXVin : an 
Abstract of the Besults is given in Table below. 
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I 



Wind. 



or 

Cftoal. 



OKdUAfelOllfl. 



BLITATIOH or WATXB-SXTBVAOB 
AT OIRTBa ABOTB 



Left Bank. 



Eight Bank. 



from to Kean. from 



Appraob 
Sorfaoe- 
valofiltyt 



li 



19^ 
89-6 



10'4 
11'.2 



Calm 
Calm 



fiiaing 
Rising 



12 



? 
•060 



? 

•070 



? 
•040 



-•016 
-096 



+ •009 
+ -016 



•oos 

-009 



-.044 
-•041 



-•-^18 
+ •014 



■014 
-007 



4SO 
4-49 



1.40 



It will be seen that the Besolts are verj yariable and oontradictoiy ; some giring 
eleyations (shown by the + sign) some depression (shown hj the - sign) of the sni^ • 
face at the centre above that at the banks $ bat agreeing in showing a (small) Dbpbss- 
8IOK as the average reeuH on both days. 

[The detailed Resolts cannot of course pretend to accnracy in the third place ol 
decimals: but the Mbakb (black letter figores) are probably yery approximate 
Average yalnes. The magnitnde of the Oscillations of the water-level is of conrse 
the great difficolty. 

The snrface-velocities shown were not leiilM at the ltme,bnt are avenge yalnea such 
as would nsnally correspond to the depth]. 

6. Sorface-Convezity doabtfal.— The remarkable Besnlt of the two 
Experiments just detailed, done frith every possible care, viz., a small 
Dbpebssioh at the centre, as the average Besnlt of both day's work, can- 
not fail to throw donbt on the correctness of the Theory which leads to 
the expectation of convexity of the snrface. The Depression is perhaps 
too small— -considering the difficnltj of the Experiment — to admit of 
the expectation of snrface-concavity as a general Bnle : bnt the absence 
of convexity on the average is at any rate clear. It may be fairly con- 
dnded that— 

*The sorfaoe of water in motion fix a long straight Beach with pretty nnifoim 

Banks is— on the aveiage— nearly level across 'V •• (5> 



MMD OF PART I, 
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I>ART II. 

CHAPTER IX. 
SUBSURFACE VELOCITY INSTRUMENTS. 

Prtfaet,'-Vtill detailf of tbd ooourtraction of. oao of; aod ol^eotlons to, the DoaUla-llott sro glim 
In ihlB Chapter! Those who do not require each full detail ahoold read on]j Art* S, Sa, 4, 7, 9, Sa, 

1. Siil>8iirface-Velocit7.~The measurement of the Telocity at any 
point beneath the Burfaoe is the first step towards obtaining an experi- 
mental knowledge of the subsurface motion. The measurement is 
unfortunately attended with great practical difficulties. Many different 
Instruments, of which a brief description will be found in Weisbach's 
Mechanics of Engineering, Vol. I, Art 878, et seq., and in the Missis- 
sippi Report, page 202, et aeq,, have been proposed for this purpose, but 
none of them can be said to be quite satisfactory, being all open to yari- 
ous serious objections. 

The only ones which haye met with extended use are the three fol- 
lowing;.— 

i. Double-Float, used in the Mississippi, Lake Biyer, Connecticat, Im- 

waddi, and Roorkee Experiments. 
iL CuBBBNT-M fiTBB, tised in the Lake Biyer, Rhine, Elbe, La Plata, and 

Connecticnt Experiments. 
iiL Bitot's Tube, nsed in the Darcy-Basin Experiments, (small scale.) 
The description of, and discussion liboutthe use of, the Double-Float 
will occupy the rest of this Chapter. 

2. Doable-Floatri — ^This Instrument is made of many various patterns 
and sizes, but consists essentially of only three parts, viz., a heavy Sub- 
Float attached to a light Subfaob-Float, by a thin cord or wire, which 
will for shortness be called the Oonmbotob. 

On being abandoned to the current, the heavy Bub-Float gradually 
sinks until it draws the Conkeotob taut, and by its means receiyes the 
requisite support from the Subfaoe-Float, after which the motion of 
the Instrument is for a time irregular : after a time it attains a state of 
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relatiYe eqnilibriiim, and finally moyes with a ''terminal velocity ", which 
is the resultant action of the current on its seyeral parts. This (terminal) 
velocity is the velocity to be obaeryed. 

The deduction of the Telocity at a point beneath the surface from the 
(obseryed) velocity of such an Instrument, requires in strictness that the 
relatiye current-actions on its several parts should be separately known, a 
Problem more difficult than the one in hand* An approximate deduction 
of the subsurface velocity may, however, be made with this Instrument 
by so proportioning the size, shape, and physical state of its several parts, 
that the current-action on the Connector may be relatively negligible 
(compared with the action on the Sub-Float), and that the current-action 
on the Surface-Float may be either^* 

1^ relativelj negligible compared with the action on the Sab-Float 
^, related to the action on the Snb-Float in a known manner, so as to admit of 
elimination (by calculation). 
2a. Obdinart, and Twin PATTBRKS.^This last consideration gives 
rise to two essentially different patterns of Double-Float, differing radi- 
cally only in the relative size of the Surface-Float, viz.^ 

1^ Obdinabt (with small rarface-float). In this— which is the ordinaiy 
type— the Surface-Float is made of the smallest size compatible with the 
▼ariouB practical requiaites, so that the current-action on it may be, if pos- 
sible, relatively negligible, (compared with the action on the Sub-Float) 
S". Twin-Flo AT& In this form the Sub-Float and submerged parts of the Sur- 
face-Float are made of the same size, shape, and condition of surface. Tbia 
renders possible the calculation* and elimination of the current-action on the 
Surface-Float. 
2b. Twin-Floats bejeotbd.— The first pattern (with small Surface-Float) is 
the only one which has been extensiyely used* As, howerer, the Double-Float was the 
Instrnment selected (for subsurface velocity-measurement) in the present Experiments, 
it seemed of great importance to give botii patterns a fair trial. Some pretty exten- 
sive comparative Experiments were, therefore, undertaken at an early period of the work 
(March 1875) with tvmy pouille precaution to make the Tett a fair yet crucial one. 

Experiment, The Iiistraments to be tested (for detailed description, eee Art 40, 
48 of 1874-75 Report) were prepared so as to be as nearly as possible a/iA^ in all ree* 
pectt, except the essential points of dissimilarity, viz., size of Surface-Float, and weight 
of Sub-Float. The Experiments consisted of repeated velocity-measurements done 
one hjfjme with each Instrument in turn in rapid suoeeaeion^ (so as to secure close . 
similarity of the " External Conditions",) viz.— 

156 trials of each at 6' depth, in water from 6'*6 to 7'*55 deep, 

* It Is Bhown in Art 49 of the 1874-76 Report, timt upon a certain Theory of cairent-preeniTC 
the Snbeorf ace Velocity («) is given by the tlmple ezpresrion v = Sv - Vot where « = velodtar of 
Inttrament, vo = sarfaoe-velocity. 
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eOtrialB of each at erety f oot of depUi fiiom 1' to 9' deep (or 640 trials in all), 
in water from 9'*25 to 9-'50 deep, 
all the trials being at mid-channel, (in which line accidental deyiations to right or left 
affect the resnlt least) Fnll details of these trials will be found in Art 55, 56, 65 of 
the 1874-75 Beport 
The general condnrions anrived at were, in re$p€et to the patt&nu tried^ 

L Ordinary. ** The surface-action on snrface-float is bj no means inap- 
preciable", - (1). 

ii. TminrJiloaU, '* The snrface-action is OTer-estimated, and the elimination 

errs m ^cess , •••••••••••• ••••••••••••*•■•••.••••••••.•■•• •••« ••••••••••••. (2)« 

As far as regards effect of snrface-acUon then, the two Insthunents are probablj on 
a par. Bnt the ** unsteady motion " of the water introduces special difficulties detailed 
below in the use of the Twin-Floats. 

OV^tioHM to Twin-Floatt, The elimuiation of the surface-action requires^Mtf 
Art 49 of 1874-75 Beport— a knowledge of the snrfaoe-yelocity in the very path 
tratferted ly the upper of the Ikoin^Floati. Were the motion of the water ** steady ", 
it would suffice to measure the surface-Telocity a little before or after the passage of 
the *< Twin-Floats". But, in consequence of the great yariation (Gh. VI, 4) of the 
motion of the water, it is further necessary that this surface Telocity-measurement 
should be effected at the same phaee of its yariation as that in whicii the obserration 
of Telocity of the "Twin Balls" is made. To secure strict coincidence either of 
path or of phase is of course impossible ; but real approximation, especially to the 
latter (on account of the rapid variation of the motion) seems essentiid to any useful 
result An attempt was made to secure this by throwing the *' Twin-Floats " and the 
Surface-Float from the upper boat at such an interral as to reach the Upper Bope 
nearly together, and therefore pass through the ''Bun" nearly at same time. The 
motion of the water yaries, howeyer, so rapidly, that it seems certain that the requisite 
approximation to similarily of phase was not, and in practice cannot be, secured, from 
which it follows that— 

** The resnlt deduced from a single obsenration with this Instrument is not a fair 
approximaticm to the actual subsurface yelocify along the path of the Sub-Float 

at the actual time of its passage", ^ (8). 

The aTcrage of a great many results would of course giye the requisite approxima- 
tion to similarity of phase, because it would in effect be deriyed from the Ayerage 
Velocities of both Instruments, (Twin-Floats and Surface-Float,) which are of course 
comparable, (Ch. VI, 4a.) 

Again, in Experiments near the banks (where the surface-motion is irregular), it 
would seldom happen that both of the Instruments, eyen when thrown as aboire des- 
cribed,— 1.0., so as to reach the upper rope nearly together— would trayerse the " Bun " 
without undue deyiation of one or other of them from the proper line, which yitiated 
that trial. This led to quite undue waste of time. 

On account of these difficulties in the use of the Twin-Floata due to the unsteady 
motion of the water, coupled with the fact that the elimination of the surface-action 
depends upon a by no means certain Theory, (see Art 49 of 1874-5 Beport,) it was 
decided not to use this Instrument further. Thus the '^ordinary " pattern, t.e, with 
small surface-float was adopted for the present Experiments, and was eaehteively used 
for iubeurfaee velooity-meaeerement. 
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8* Double-Floaty Histobt*— The earliest known snggestion of the Dottblb* 
Float is bjfLeonardo da Vinci (previons to 1648) in form of a slender stick with a 
mass of stones (as Snb-Float) at one end, and a light mass as (Sarface-Float) at the 
other : bat it does not appear whether he applied it to practical yeloidty-measarement. 
The earliest record of the practical nse of the Donble-Float in its modem form is by 
{Manriotte (previoos to 1684), in form of two balls of wax connected by a thread, one 
of which was loaded with small stones to make it sink. 

The only material improvement since his time has been the enlarging the size of 
the Bnb-Float, and ledacing that of the Sarface-Float as mach as possible. Since 
Marriotte's time to that of Dabaat (1779), the ^ Doable-Fioat " was one of the 
principal Instmments by which a rough idea of the variation of velocity from sur- 
face to bed on the same vertical was obtained. 

It has in this way contributed perhaps more than any other Ingtrumtent to the dis- 
proof of the notion (generally accepted in 1750) that the velocity at different points on 
tiie same vertical in an open channel followed the law of efflax from small holes in 
the side of a tall vessel kept cons tantly fall, (known as Torricelli's Theorem : its 
symbolic expression is « =: ^2gh), For f ally a centnry after Marriotte's time this 
notion (foanded on a supposed bat false analogy) proved the most complete hindrance 
to the advance of the science of Hydraalics s the Doable-Float has certsinly done 
one good service in disproving this notion. 

In modem times the Doable-Float appears to have been almost given np in Europe, 
bat it has been largely and successfully employed in America, vis., in the Mississippi 
(1851— '58) and Connecticut (1874) Experiments, and also in India, vis., in the Irra- 
waddi (1872—79) and Boorkee Experiments (1874—79). 

4. Souble-Floaty Essentials of.— The followiag ore the Special Con- 
ditiona to be fulfilled in a good Doublb-Float of the ordinary kind t.«., 
with small surface-float), in addition to the '^General Conditions*' 
(Ch. lY, 6) common to every Float, several of which are here repeated 
in the special forms which they take with this Instrument. 
1^ As to the Subfacb-Float^ 
(a), The part exposed to wind shonld be the least possible connstent with the 

function of serving as a *^ marker ". 
(6), The submerged part should be the least possible, so that the surface cur^ 

rent-action on it may be relatively negligible^ 
(c)y and yet it shonld have excess of buoyancy (above that required for the 
mere support of the Connector and Sub-Float) sufficient to bring it 
quickly to the surface after any accidental submergence, so that it may 
properly serve its function as a marker* 

2^. As to the CONHECTOB— 

(a), It shonld be the thinnest possible, so that the current-action on it may be 
relatively negligible^ 

• Tbft matter of tbif Artiole bM been Undly fomiahfld to the aatbor by Mr. B. Gordon, the Saper* 
Intendent of the Irrawaddi Hxperimente. 
t *' Del Moto e Mlaam deU'eoqua ", B. II, 4S, in " BooooIU d'Antori ItiOlani, &C.," Bologna, IttW . 
t lUnriotce, Da Monvement dee Baoz, y, 277. 
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{h)t bat shonld be strong enongh to bear the weigbt of the Sub-Float in air, 
together with an occasional jerk. 
8®. As to the Strs-FLOAT— 
(a), It shonld be relatively of large «iie, (i^., compared with the other parts, 
80 that the current-action on it may greatly exceed the actions on those 
parts,) 
{b)f but shonld not exceed a certain small size snch that the Telocity of the 
current is sensibly constant throughout its extent, the smaller the better. 
[The maximum admitted in these Experiments was 3* x 3""]. 
(c), It should be of sufiScient mean specific^gravity to sink rapidly to the foil 

length of the Ck)nnector, 
id), and also to maintain itself at a nearly constant depth, in spite of upward 

eddies or currents. 
(0), It should be so ballasted (if not of spherical shape) as to possess stability 
sufficient to prevent its being tilted by the pull of the Connector, so much 
as to sensibly reduce the Area exposed to the Current. 
Of the above '^ special conditions ", Nos. Va^b (of the Sarface-Float), 
No. 2*a (of the Connector), and Nos. S^a, 5, d, e (of the 8nb-Moat) are 
essential to the reqoisite delicacy of the Instrument, esp^ally Nos. 1^6, 
2**a, Z^'a, d, e which are simply all importarU. Nos. l^c (of the Surface- 
Float), 2H (of the Connector), and 3°c (of the Bub-Float) are practical 
conditions essential to the conyenient working of the Instrument, and 
are, therefore, nearly as important as the preceding. 

The simultaneous fulfilment of all these Conditions is a matter of great 
difficulty, especially when an attempt is made to fulfil No. S^h of making 
the Sub-Float the smallest possible. In fact it is clear that several of 
the Conditions are inconsistent. 

[Thus Nos. Va, b are inconsistent with 1% and also with SPe, d ; Nos. 8*a, h are 
also mutually inconsistent, so that their « ensemble" can only be partially fulfilled 
by a compromise, and the best Instrument wUl be that in which this compromise 
is moet skilfully made]. 

6* precautions in «<e.— When the Double*Float is thrown into the current, the 
Surface-Float and Sub-Float moTC at first independently : but the Sub-Float gradu- 
ally sinks until it draws the Connector taut, thereby giring the Surface-Float a 
considerable jerk which is (or may be) vitiblefrom the shore: after this the Sub-Float 
and Connector gradually modify the motion of the Surface-Float, thereby communi- 
cating to it a series of slight jerks— which are (or may be) yisible from the bank« 
whieh gradually die away : finally a state of relative equilibrium is attained, on which 
the jerking motion ceases. After this the Instrument is *< in proper train " for obser- 
Tation. All the stages of irregular motion should o£ course take place before the 
Instrument reaches the Upper Rope, so that it may enter the Run ** in proper 
train." 
The attainment of this stage of course takes time, and longer and longer as the 
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length of CoaiMctor is increafled, in oonaeqoence of the time required for the Snb« 
Float to sink to its final depth. Hence the Deed Ron (or distance from Upper 
Boat to Upper Rope) most be g:radaally increased as the depth to which the Sab« 
Float has to sink is increased. 

[In the present Experiments the jerking motion of the Snrface-Float abore men- 
tioned was generally visible from the shore. The Observers had instructions not to 
record the passage of any Doable-Float not known to be ** in proper train " as evi- 
denced by the setting in and final cessation of the jerking. 

Even after the jerking has ceased, the continnance of control of the Snb-Float 
over the Surface-Float causes a slight raffling of the water round the Surface-Float 
(which does not exist with a detached Sarface«Float} : this was often visible from the 
shore on calm days when the water-surface was smooth. As to the actual length of 
Dead Run used, «m Gh. IV, 23]. 

6. Adverse OpinionSir— It will be clear from what precedes that no 
Doable-Float of the ordinary kind (i.e., with small Surface- Float) can 
be at all a perfect Instrument, bat must give sabsarface velocity-measure- 
ments affected by the current-actions on both the Surface- Float and 
Connector. This would be of little practical importance if the approxi- 
mation were sufficient. 

This is a point on which there is unfortunately much disagreement 
among hydraulicians. Some go so far as to say that the Instrument is 
utterly untrustworthy. As this Instrument was the one adopted in these 
Experiments for all subsurface velocity-measurement, it seems right 
to state fairly the objections that have been made, and to endeavor to 
meet them. 

One of the most vigorous condemnations of the Double-Float is that of Mr. lUvy, 
who after detailing his objections to it— comments thus (p. 8 of R6vy Keport) upon 
the Mississippi Survey— 

<* The engineers of that survey relied entirely on floats, and we consider it a mis- 
fortune to science and to practical engineering that so mach ability, perseverance, and 
time should have been spent to obtain results which the unfortunate choice of floats 
has inoonvenienUy marred and confused *\ 

Again, in respect to the Koorkee Experiments of 1874-5 (pub. in 1874-5 Report), 
Mr. R6Ty thus expresses himself in a criticism communicated to the author on 15th 
July l67e— 

'' Mr. B^vy believes Capt. Cunningham's observations of considerable n^ative value. 
His experiments show— with still greater force than those on the Mississippi— that 
floats are a hopeless contrivance to disentangle the laws which govern the movement 
of water in confined or in open channels ". 

Both Double-Floats and Current-Meters were used on the American Lake Biver 
Survey. The opinion of the Bxperimenter was wholly adverse to the Double-Float, 
(Lake Biver Report of 1869, p. 563,) but this opinion was not upheld by the Chief 
Engineer reviewing the work, (same Work, pp. 620^628). 
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The weight of the opinions adrerse to the Doable-Float is consider- 
ably reduced by the fact that some of the principal objectors («.^., Mr. 
Bazin and R^yy) hare not themselres had mnch experience with it. 

Thas Mr. B6>7's objections (pp. 4 to 8 of Riry Expts.) are based solely on speca- 
latiyo grounds (i.^., not on actaal experience), and are prefaced with the statement 
(i*.,p.4)- 

<' We had a natural arersion to floats as a means to determine the current of a 
ri?er. It appeared to ns a ready-rougb way to obseire cnrrents ". 

Again, Mr. Bazin's published objections (pp. 828—848 of '* Discnssioa, fte./') 
are based on the disagreement of certain results of the Mississippi and Irrawaddi 
Experiments (done with the Double-Float) from the results of like kind of the 
European Experiments (done with Current-Meters and Fitot's Tube). Mr. Bazin 
seems inclined to attribute all the disagreements to the faults of the Double-Float, 
without apparently making any allowance for the chance that some, at any rate, of 
the divergences in question are perhaps those really exitting between mighty riyers 
with small surface-slope (like the Mississippi and Irrawaddi) and small rivers and 
small canals with large surface-slope (like those of the European Experiments). 

However, Mr. Bazin has withdrawn some of these objections in a communication 
to the author of 21st April 1877, in following terms : — 

** I do not condemn the Double-Floats so absolutely as you seem to think. Under 
conditions of moderate depth and velocity, they certainly work well : but with largo 
velocities and great depths we cannot really tell (at least I am led to think so) what 
becomes of these Floats. The Experiments on the Connecticut River, in which the 
Double-Floats have worked well, are not in accord with those of the Mississippi 
However this may be, there is herein, it seems to me, an obscurity to be cleared up'*. 

7. Opinions in favor. — On the other hand some of those who have 
had large experience with the Double-Float have selected it after trial 
of other Instruments. 

JUUHiHppHieport, (p,22i.) About subsurface velocity-measurement, it is stated— 

" Of all the methods known for determining this quantity, that by double floats 
was found to give the best results. A few measurements of the velocity of tributary 
streams, where both banks were submerged, were made with a ship's log ; and some 
few observations were taken at the month of the river with Saxton's current-meter ; 
but for all other velocity observations, the double float was exclusively used ". 

And again (on p. 225)—'* Only double floats were found to give reliable results ". 

Connecticut JReport Both Double-Floats and Current-Meters (of two patterns) 
were etetentively need (partiy in consequence of the oontrovenry about the Donbkh 
Float), so that the opinions published are of unusual weight It is stated (Report 
(of 1875, p. 806 ; or of 1878, p. 807)— 

«In the gauging of the Connecticut at Thompsonville, both floats and meters 
have been used with satisfactory results ". 

And again (p. 805, or p. 806 of Works quoted)— 

M Double-floats, all things considered, have proved to be the most reliable means of 
measuring subsurface velocities where a sufficientiy uniform channel can be fomid 
in which to use them. The apparatus is cheap and simple, and the results apparent, 
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„fl i nft*««g of no nnpero^Ted large error. It can be osed at all Telodtiea, measoring 
accnratelj eTon the smallest cnnents ; and the best experiments and data known in 
riyer hydranlies haye been made with it ". 

Can there be higher praise than this, coming from Experimenters who 
haye extensively need both Instromenta ? 

[It was this opinion, published in 1875, which seemed to the anihor safficientljr 
weighty to wanrant the ezdnsiTe dependence on the Snb-Float in the present Ex- 
periments]. 

Again, Mr. Robt Gordon (Sapdt ot the Iirawaddi Experiments) writes in a note 
sent t<\the anthor on 18th April 1878— 

« My own experience, which has been Tery great on the largest scale, is in favor of 
the Doable-Float". 

8. Detailed Ol^eetioilB^— The only^—fuxd it must be admitted that 
some are very Beriona— objections to the nse of the Doable-Float on 
ihe scare of inaccuracy seem to be the eight following:— 
i Lateral Deviation of Sub-Float 
ii. SnrfaceoFloat Resistance, 
iii. Connector-Resistance, 
iv. Lift of Sub-Float due to its lateral deviation. 
V. Lift of Sub-Float due to its " lag " or " lead •'. 
vi. lift of Sub-Float due to curvature of Connector, 
vii InsUbiUtyof Sub-Float 
viiL Tilt of the Sub-Float (when non-spherical). 
It will be well to examine these in detail. 

[The Articles in which these Faults are discussed bear^for ready reference— the 
same subordinate numbering (i— viii) as in the above numeration]. 

8^1 Dttiation of Suh'Float'^'L^ianl Currents are apt to cause a lateral 
separation between the paths of the Surface and Sub-Float The Sub-Float being 
nsually out of sight, the question of the Instrument passing through the Run in 
** fair course '\ and also the position (distance to right or left of the current-axis) of 
tiie Float-path of the Sub-Float, which is what is really required, can only be judged 
from the (visible) Surface-Float thus introducing an element of uncertainty into 
both questions. 

This uncertainty is of little importance so long as the lateral aepaiation of the 
Surface and Sub-Float does not carry them into planes in which the velocity at the 
same level is senubly different : thus it is of little importance at and near mid-chan- 
nel, but becomes of more importance with approach to the banks, and is of most 
importance close to the banks, inasmuch as near the banks a small Deviation of the 
Snb-Float from the Float-Course indicated by Oie Surface-Float carries it into stream- 
lines of sensibly different velocity. 

Nothing is known for certain as to whether this effect increases with the depth or 
not 

8^ iL 8urfaee»Float JleMiitanoe.^~Tht snrf aoe-action on the Surface-Float aeeel' 
eraUt or r&tartU the Sub-Float according as the surface-velocity isgreaUr or leu than 
the velocity of the stratum in which the Sub-Float moves. This effect is usually 
greatest when the Sub-Float is near the bed where the velocity is least 
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^ if & iL Sgieimuiy of fin^f^MiC— When the Snified-Float expoaes a nMeh 
sm^er area to tiie carrent than the Sab-Float, both effects, just described, via., 

i, Lateral Separation, and ii. Acceleration or Betavdation, 
are comparatively small. The experimental eyidenoe that in a weU degigned Instm- 
ment the Sab-Float does reallj efficientlj control the Sarface-Float is really pretfy 
considerable. 

1*. MUsUtippi Report (p. 224). As to the Bab^Float it is stated— 

** its size was so mnch greater than that of tfie Surface float, that the latter did 
not sensibly affect the rate of moyement This assumption was tested by 
placing the apparatus in Stillwater daring a high wind, and also bymoticing 
the direction of the paths of the floats daring a gale blowing direeti> across 
the riyer. No wind effect of consequence could be detected in either case ". 
2®. Preient Egperti, The Double-Floats were tried several times eloie to the 
verticml wall of the central Pier of the SollAf A^^faeauct (PL H, 4), in 
daar states of the water, in which the Sub-Float coald be seen down to a 
depth of about 6' or 7'. The « lateral separation " was never seen to exceed 
about 2' when the Instrument was *'in train", (Art 5,) an unimportant 
quantity. 

Again, in the Experiments on the vertical close to that Pier, (only 7'| off the 
Pier, 966 Ser. 29, 30, PL XVI,) it was foond that there was a strongly marked 
set of the surface water away from the bank, so strong that— even with the 
use of a Run of only 12'^— as many as 100 surface-floats were sometimes 
thrown before the standard number of three running in ** fair course" (neariy 
parallel to the bank) was secured. With the Double-Floats on the other 
hand, there was no such frequent ^ deviation " from running in ** fair course " 
at depths greater than 1'. The proportion that failed to run <*fair" oat 
of the whole number tiuown was not nnusoally large in spite of the sorface- 
current tending to cany the sarface-float away from the bank. 
8*. Ocean Circulation Emdenet {ue Art 63 of Dr. W. B. Carpenter's ** In- 
quiries* on Oceanic (TircnlatioB"). The existence of an under-current in the 
Boq^horas was proved by experiment with a ^ Current Drag ", which oonsiBted 
of a pair of vanes at right angles, so loaded and tied to the Connector as to 
hang vertically. In an Experiment on 21st August 1872 with a snrface- 
earrent outwarda of 8| knots per hoar, and N.E. Wind of force 4, the 
motion of tiie Drag was found to be contrary to the turfaeO'Cmrrent, It ia 
stated— 

" When the cnxrent-drag was lowered to a depth, afterwards assumed to be 20 
fathoms, it at once rushed violentiy away against the aorface-atream, the 
large buoy and a small one being palled completely onder water, the third 
alone remaining visible. It was a wonderfnl sight to see this series of floats 
tearing throngh the water to windward. The steam-ctttter had to go foil 
speed to keep pace with it ". 
This last evidence is particularly valuable, being from an Sxperiment nneonnected 
with Canal or River Hydraulics. It may be assumed, therefore, that— 

'< The enrfaoe-action on a well designed Dooble-Float is relatively smaU ")*..(4). 
This is adnitted also by Mr. Basin (p. 328 of << DiKOssion "> 

• pub. in Frocgs. of fioyal Geographical Sooietj of lit Jane 1874 
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8^ iii. Catmeetor MuUtanee.'^Thd Ooimeefcor is always made as thin as poasibld, 
so ^lat the cnrrent-action on it maj be redaoed to a minimum. Bat, howofsr thin 
it be made, its area exposed to both direct and lateral caiient^action increases as 
its length, so that the effldenoy of the Imitroment tUoreofi on this score alone wM 
^e depth of imMer9ion of the Sub-Float 

This fanlt— insensible at small depths— becomes most sertoos at great d^iths : 
it is in &ct by far the most serioos fault of the Instrument, and yet curiously enough 
was one of the lest to attract attention* 

[It seems to haye been but little noticed until after the Mississippi ExperioMnts, 
when it was pointy out by Mr. Basin (Discussion, p. 828) that in the Double*Bloat 
used in those Experiments in which the Connector is stated to ha?e been of </^inch 
thickness (Miss. Report, p. 224), the Areas of Connector and Sub-Float diieetly exposed 
to current-action were — when in use at the maximum depth of 100'— in the ratio 

Area of Connector = It x Area of Sub-Float, 
ao that the actual velocity of the Instrument could have been no proper approxima- 
tion to the velocity of the current at the level of the Sub-Float. 

This objection has been met* 09 far at the Mieeissippi Experiments qflSSl-SS are 
eoneemed (but not the rest) by the statement that the thickness i^-inch given in the 
original Report is a misprint for ^inch]. 

8, iv, V, vi. Lift of Sub'FlooL — The three causes already discussed comUxie to 
Uft the Sub-Float to an unknown (and therefore prejudicial) extent, viz., 

iv. Lateral DeviatUM of SulhFUka. The Sub-Float moves to right or left.of 

the path of the Surface-Float in consequence of lateral currents. 
V. Iiag or Lead of Sub-Float The Sub-Float lags behind or leads ahead of 

the Burfaee-Float according as the velocity of the fluid stratum in which it moves 

is less or greater than the surface-velocity. 
vL ConnectoT'lletietaMe, The varying cuneut-pressure Qn.difPerent parts of 

the Connector throws it into a curved or even sinuous form. 

Each of these causes separately tend to make the Sub-Float move at a depth (t*) 
less than the full length (a) of the Connector : and, the real depth (s') being un- 
knowuy the velocity-measurement made is necessarily attributed to the depth (t ) 
indicated by the (known) length of the Connector. The amount of ** Lift " due to 
Nos. iv and v is believed to be small ; nothing is known as to where that due to No. 
iv is greatest : that due to No. v is greatest near the bed, where the ** lag " of the 
Sub-Float is greatest : that due to No. vi obviously increases with the length of Con- 
nector, and therefore with the depth. 

[In the Experiments mentioned under head of ** Efficiency of Sub-Float" above, 
the " Lag" or « Lead*' of the Sub-Float never exceeded about 4* at the greatest 
visible depth, (about 6*,) a quantity of little importance in shortening a vertical of 
6' depth, and was less at lesser depths. There is, however, direct evidence <^ the 
''Lift" amountfng occasionally to as much as 6* in Ser. 14« Tab. XIII, q, v., 
wherein a Double-Float of the If Shell pattern with 7' Connector was run in 6''6Ji 
of water, so that the centre of the Sub-Float could not have been move than 
6'*49 immersed, (and might have been less immersed, if sny silt had been present,) 

* tee Notes on this point by Gtenl. Hnmphzeja and Col. Fonhey, pnb. at p. S72 of the Connectlent 
Report of 1876. 
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tini8 showing a « nominal depth " of 7' with a real depth not > 6'*49, or in •other 
words, a Lift of about 6*]. 

8^ Til Inttability of 8uh-Phat.^Th9 neoeadty of asing Uie smallest possible 
Sorf ace-Float inyolves using a Connector and Sab-Float whose " effective weight " in 
water shall be small, and whose sinking power in water is therefore small. The 
Stabilitt of the Sub-Float, t.^., its power of retaining itself at constant depth in 
spite of occasional upward currents and yariations in the upward pull of the Con- 
nector is therefore small, so that the Sub-Float is liable to move at a variable depth. 
This is a serious fault, because an accidental upward impulse given to the Sub-Float 
bj the irregular motion of the water would suddenly reduce the Tension of the Con- 
nector, and thereby reduce the control of the Sub-Float upon the motion of the 
Surface-Float This is most likely to happen near the bed, where the upward eddies 
are probably generated. 

8, viii. liUing of Suh'Ploat (if non-spherical).— A non-spherical Sub-Float 
is liable to be tiUed by the pull of the Connector (if not applied at its centre of gn- 
yity), or by irregular currents out of its normal orientation : the area thereby effec- 
tively exposed to current-action is liable to be so greatly reduced, that the relative 
current-actions on the Surface-Float and O>nuector are no longer negligible. 

This fault of course does not exist in spherical.Sub-Floats, but with non-spherical 
Sub-Floats — especially those of annular or of cross ( X ) shape— it may be a very 
serious one ; it is partly controllable by attaching the Connector near the centre of 
gravity of the Snb-FIoat, and by ballasting or loading its lower end. This fault is 
also liable to increase with the depth, because the Total Current-Pressure on the 
Connector, to which its tilting action is chiefly due, increases with the depth. 

[As the Sub-Floats used in the present Bxperiments were all spherical, this fault 
need not be further alluded to]. 

9. Sonunaiy of Objections.— It will be seen that most of the faults 
detailed are of greatest importance near the bed, and that those due to 
the Connector (Nos. ill and yi) increase steadily with the length of the 
Connector, and therefore with increase of depth of immersion. In fact 
these two, and No. yii, are by far the most serious faults of the Instru- 
ment. 

The first seven faults are inherent in the use of the Instrument, and cannot be 
entirely removed, but they may be reduced to tolerably small amounts (which is aU 
that is practically required) by properly proportioning the size and weight of the 
several parts of the Instrument. It is easy to see that increase of size and nett weight 
(in water) of the Snb-Float will reduce all the most serious faults (Noa iii, ^^ vii), 
and also No. viii together. 

[This of course involves increase of the Surface-Float : but this need not involve 
increase in Fanlts Nos. ii and v if the increase of size of the Sub-Float be suitable. 
Some advantage may also be got by making the Connector of very light material, so 
that it may itself require but little support from the Surface-Float. This shows diat 
silk thread, cord, &c., are better than wire for the Connector]. 

From the above follow the important Conclusions — 
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** The efficiency of a ffiy&i Donble-Float deereasea with inciease of depth of im- 
menion of Sab-Flo8t '', (5). 

" For a given Doable-Float there is a limit of depth bejond which it ceases to 

give a proper approximation to the Snbsnrface Velocity ", • (6). 

and, lastly, 

« To secure eqnal efficiency at all depths, the Sab-Float should be increased 
both in size and nett weight as the depth increases '\ (7). 

9a. Resultant Ebbor. — Snmmingnp then the effect of all these sources 

of Error, it is seen that the mode of use of the Doable-Float is such that— 

*• The yelocity-measarement (»'), i. «•, the observed velocity (»') of the Instrument 

itself, with the Bub-Float sunk only to depth m\ is attributed to the (greater) 

' nominal depth ^ (t ) indicated by the length (0 of the Connector (a always > c*), 

and is more or less affected by Surface-Float Action, and Connector Action", ••.(8). 

For this reason in what follows, the depths (z) indicated by the length 

(z) of the Connector, will be styled Nominal Depth when necessary to 

distingnish them from real depths. 

10. Connectob-Lbnoth.— -The Length (a) of the Connector which indicates 
the (Nominal) Depth (t) of the velocity-measurement made, is measured in this 
Work from the under surface of the Surface-Float to the centre of the Sub-Float, 
Oee PL XI) 

11. X -Sub-Float bejbotbd.— Two patterns of Sub- Float were tried 
in these Experiments, viz., — 

1^ Sphbbical, consisting of a heavy wood Ball or a loaded copper Shell. 
2*. Cbosb-( X ) pattebn, consisting of two tin Discs placed across each other 
at right angles. 

Gomparative Experiments were made between the two patterns at an 
early period of the work (March 1875), and evertf precaution was taken 
to make the Test a fair yet crucial one. 

Experiment The Instruments to be tested (for detailed description, see Art. 40, 
44 of 1874-75 Report) were prepared with Sub-Floats exposing same area (a ST circle) 
to current The Experiments consisted of repeated velocity-measurements done one 
by one with each Inatmment in turn in rapid eueeeeHon, (so as to secure close 
similarity of the '* External Conditions",) viz., 

156 trials of each at 6' depth, in water from 6'<6 to 7'*55 deep ; 
all the trials being at mid-ehannetf (in which position accidental deviations to right or 
left affect the result least.) Full details of these trials will be found in Art. 58 to 55 
of the 1874-75 Report The general CSondusions arrived at in respect of the X -pat- 
tern were— 
.** The X -pattern Sub-Float has two faults, Nos. vii, viii of Art 8, vis.^— 
Fault vii. Insufficient Stability to maintain itself at constant level, 
Fault viii. Liability to tilt, and thereby expose greatiy reduced area to the 

current" ...m • (9). 

X 
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These faolta are both pretty eerioas, especially the latter ; they oonld hara beea 
remedied in part by increasing the weight of the Snb-Float ; this would have IhtoIt* 
ed an increase in the Sarf ace-Float, which woold haye destroyed one of the principal 
adyantages of the Instrnment (the nse of a yery small Siirface-£loat)« 

This pattern of Sub-Float was accordingly rejected, and the spherical 
pattern finally adopted for these Experiments. 

12. Patterns adopted.— The whole of the (systematic) Sabsnrface 

work of the present Experiments was done with two Double-Floats of 

same pattern, viz., with spherical 8ub*Float and disc 6urface-Float, 

differing only in size and material. They will be called for shortness the 

8' IkmhU'Float, or simply ^ BT Ball ", osed from 1875 to Feby. 1876. 
If* DotMe-Float, or simply ** If Shell ", used from Feby. 1876 to 1879. 

The 3'^ wood Ball was the one first tried, and was used with satisfac- 
tory results, as far as accuracy goes, until February 1876 : it was so in- 
con?enient in practical use on account of the hygroscopic qualities of the 
wood (causing undue absorption of water), that it was eventually giren 
up in favor of the If^ copper Shell, which was the only pattern in use 
from February 1876. 

[Specimens of these Double-Floats were sent to Mr. B. Gkttdon (the Irrawaddi 
Experimenter) for inspection in 1878. In a note commnnicated to the author on 
9th Angnst 1878, he writes— 

" Toar Floats are models for analysis on a clear water regalar canal '']. 

It will be seen by the comparison of dimensions of Doable-Floats used in Modem 
Experiments giyen in Art 18 and Abstract Table 2| that the small 1^' copper 
Shell finally adopted in 1876, was by no means an improyement in point of aocnracy 
on the older 8' wood Ball, and was probably not nearly so aocorate at the greater 
depth*, (say below 6',) in consequence of the relatiye Area (exposed to current) of 
the Connector compared with that of the Sab-Float being increased by the redaction 
in size of the Sab-Float. 

[This defect anfortanately escaped notice until the Experiments were nearly oyer. 
It has been explained (ArL 8, iii) that the probability of this defect being in any 
way important has only qaite recently attracted the attention of hydraalidans. And 
it is belieyed that this is the first Work on Experiments with the Doable-Float in 
which this defect has been submitted to calculation (see Art 18)]. 

In working up the Results (Chap. X— .XIV) to be deduced from the Experiments, 
a very large allowance has been made for the decrease of accuracy with the depth, 
(Art 9,) so that the Conclusions drawn will not be much affected. 

The two patterns are described below : the details being taken up in 
following order, viz., — 

Sub-Float, Surface-Float, Connector, Cost, Handling, and Frames. 

12a. S'' Double-Float, (fl- XI, l),'-Sfib-PloaL This consisted of a spherical 
Ball of 8' diameter carefully turned (in a hithe) in some heayy wood— osoally Acacia 
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Cateehu (Bind, '*Ehair"), some specimens of which are specifically heavier than 
water^with a fine hole (ma in fignre) bored right through it for the introdaction of 
the Connector : after tamipg, it was boiled for some time in hot oil to diminish the 
hygrofioopic qualities of the wood. Its weight was adjosted (by experiment in still 
water) so as to sink the attached Sorface-Float almost flnsh with the water ; if too 
heayy, it was lightened by boring ont some of its mass from one end m of the Con- 
nector-hole ; if too light it was loaded by oonntersinking lead into a hollow bored 
out at the other end a of the Connector-hole, until the adjnstment was effected, but 
the hygroscopic character of the wood prevented any nicety of adjustment 

Surface-Float, This consisted either of a Disc of English deal aboat AT diameter 
by about f thick, or (occasionally only) of a slice of cork (part of a bung) about 
^ diameter by f "^ thick. 

Connector, This was a very fine brass wire (No. 80 Birmingham Wire Gauge, -01 2^ 
thick, weighing only 2-44 grains per foot); the ends of the wire were passed, one 
through a hole in the middle of the Surface-Float, the other through the fine Con- 
nector-hole (above-mentioned) in the Snb*Float ; each end was then wound twice 
or thrice round « tiqy aplinter of wood (A, a), which sufficed to prevent the wire 
from returning through the hde. 

Cott The cost of this Instrument was about 6 annas (or 9 pence) each. 

Handling, The use of a wire Connector caused special difficulties in handling. 
It was found essential never to let the wire fall slack ; as when slack it commonly 
* kinked % and the ' kinks ' proved to be points of excessive weakness. 

There was a small daily loss, due partly to breakage of wires, partly to difficulty 
in catching the Surface-Float whilst passing by the lower boat, partly to absorption 
of water by the Ball causing the Instrument to sink outright. 

lyamee. To keep the wires taut, the Instruments were kept lying stretched at fuU 
length on a rough bamboo framework (Hind. '* jifarf ") with rough fittings to receive 
the Snrfaoe-Floats at one end and the Balls at the other. There was a similar frame* 
work in each boat The men who handled the Instruments were drilled to handle 
them in sudi a way as never to let the wires fall slack. This of course required 
aome care, but after a little practice it was found that— delicate as the Instrument may 
seem from the description^t would bear a good deal of use with proper care. 

ISb. irDonble-Float|(Pl-^»2).— <Sti^F/aar. This consisted of a thin spheri- 
cal Shell or hollow Ball of very thin sheet copper of No. 25 Birmingham Wire Gauge 
(= -02r thick), formed by soldering two hemispherical shells together upon a narrow 
copper band (eo in figure) of same thickness. A small hollow was countersunk in the 
shell at the point marked m, and a small bit of brass wire braied across it fiush with 
the exterior of the diell to give means of attaching the Connector. A small lump 
of brass was cast into the shell at the part marked a to give additional weight and 
thickness. A screw-hole ab was bored right through the shell and the brass lump, 
and fitted with a brass screw ae, whose head when screwed home was flush with the 
exterior of the Ball, and inner end e tipped with lead sufficient to make the Ball sink 
in water. This gave the means of adjustment : as, by removing the screw, lead could 
be added or cut off as necessary. The Balls when complete weighed about 540 grains 
in air, and about 30 grains in water, so that the Tension of the Connector was about 
80 grains. 



Digitized by VjOOQIC 



156 CHAP. IX.^nBSnBFAGB VBLOOITY IITSTRUICBNTS. 

Surfaet-Jfloat. This consfsted of a thin slice of a sonnd cork (such as is used for 
soda water bottles) abont 1'' diam., and not more than i" thick. The minimnm reserre 
of baojancy (t. e., excess of buoyancy oyer that required for the mere support of 
the weight of the Connector and Sub-Float) was about 6 grains in 1876-77 : this 
was increased to about 15 grains in 1877-79. It was kept oiled to preyent absorption 
of water. 

Conneetitr. This was a fine black silk thread of abont j^^" thickness* in 1876-77, 
and -J^" thickness* in 1878-79 ; it was oiled at intervals to prevent absorption of 
water. 

It was attached to the Sub-Float by tying it round the small wire m above-men- 
tioned as brazed across the hollow m at top of Shell, and was attached to the Surface- 
Float by passing it through a small hole in the middle thereof, and then tying it 
round a tiny splinter of wood A, which prevented its return through the hole. 

Coat, The cost of this Instrument was about one rupee (or two shillings) each. 

Plank Trayi^ (tet PI. XI, 8). The use of such thin sheet copper and sudi thin 
silk made the Instruments somewhat delicate. To protect them from injury, and 
to keep the Connectors always stretched, Plank Tbays were made up of planking 
(of a light wood) about 9' wide and 1' thick, with special fittings for the Sub-Float 
and Surface-Float, to carry about 18 at once. 

For the Sub-Floats, 18 hemispherical hollows CCCC were countersunk into each 
Plank near one end in four rows CCCC of 4 and 5 alternately, just large enough to 
receive one of the Sub-Floats. A rough movable Lid L2, movable about pivots at 
the points PP was provided sufficient to cover over the whole group of 18 Sub-Floats 
at once, and protect them from external injury. 

For the Connectors, four ** Bridges " BBBB (one for each row of holes C) con- 
sisting of strips of wood about f x |* were screwed across the Planks near the other 
end B, and 4 or 5 saw-cnts («) were made across each Bridge to receive the Connec- 
tors. The Connectors were led out from the Sub-Floats underneath the front of the 
lid, and laid at full length along the Planks and carried through the saw-cntB, each 
one through a different saw-cut, so as to be kept stretched. 

The Surface-Floats stood on edge on the Plank, close np to the Bridges : the 
distance between the centre line of each transverse row of holes C and the corre- 
sponding Bridge was made equal to the intended depth of Immersion of the Sub- 
Float 

Thus each << Plank-Tray" held 18 Double-Floats always ready for work. This 
arrangement was found sufficient for their protection, and convenient in practical use. 

EandHng, When in actual use the full Plank-Tray was put in the Upper Boat, 
and a similar empty Plank-Tray in the Lower Boat to receive the Instruments as 
lifted out of the water. Some care was required in throwing from the Upper Boat 
to prevent the Connectors falling slack and getting tangled ; and still more care 
was required in lifting out of the water at the Lower Boat to keep the Connector from 
being frayed against the bottom or sides of the Boat. There was a frequent small 
loss from fracture of the Connector from this last cause. 

* Theie may seem mapridaglj thin : tb^ ware canfally gauged by the author hfannlf both upon 
new boxwood ScrIm, and in a Wire4}ange, in preaenoe of witneBBW (Ueute. 8. M. Uayoock, B.B^ 
and J. H. 0« Harriaon, K.B.) Yeiy tew Bzperimanta (only 38 in all) were made with tiio thkker 
Connector. 
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The verj iman Sufaea-FloAt VMd ooidd not be easily seen from a distaaee in 
certain states of the light : to render it more distinct, a sx&all pledget of cotton wool 
was sometimes placed on the top of the Sorface-Float underneath the little splinter 
of wood A which retained it in its place. 

18. Modem Donble-Floats, (Abetr. Table S).— The Table quoted 
eontainB a brief description of all the Doable- Floats used in all the large 
modern Experiments, (Mississippi, Lake Ri?er,* OonnectScat, Irrawaddi, 
and Roorkee,) with the dimensions and weights of their principal parts, 
and also the Areas, both actual and relative of those parts, exposed to 
eorrent-action both direct and latercdf when in use at the maximum depth, 
(i.e., in the use most unfavorable to each.) 

The areas exposed to direct and lateral current-action (t.s., to pressure 
and to adhesion) have been estimated as follows for each of the parts, 
(the calculation is only a rough one, as the published data are in many 
cases imperfect) : — 

Direct A rea = Vertical projection npon a plane JL' to the axis of the enrreat, (10). 
Lateral Area = 8am of vertical projections to baik rigkt and Irft upon a vertical 
plane throngh axis of cnrrent, 
+ horizontal projecticm of nnder snrfaoe in ease of Snrfaee-Float, 
+ 8am of horiiontal projections of both upper and under sorf aces in case of 

Sab-Float, (11). 

By this mode of calculation it will be seen that — 
Svrfaee-yhatf Lateral Area = HorizL projection of nnder sarface 

+ 2 X Durect Area, (11«). 

OmfMrtof, Lateral Areas 2 x Direct Area (lU). 

Suh-Floatf Lateral Areas Sum of horixL projections of upper and surfaces 

+ 2x Direct Area, (lie). 

It will be seen (from the Table) that in all the cases^ 
*< The Surface-Float Areas are small compared with the Sub-Float Areas, (and 

in some cases are really relatiyely negligible,}" (12). 

** The Connector Areas (with Connector of maximum length) are in no ease less 
t)ian •^ of the Sub-Float Areas, and are in several (four) cases laige fractions of 
the latter, and in two cases actually exceed the latter ", «. (18), 

It will now be seen that the increase of area of the Connector with 
increase of depth is the chief source of difficulty in the Design of a 
Double-Float. The best Designs in this respect appear to be the— 

Mississippi of 1858 (for use nnder 5' depth), (Tonnecticnt, and Boorkee of 1876-6 ; 
and the worst appear to be the-^ 

Mississippi of 1851 & 1858, Irrawaddi, and Boorkee of 1876— 187& 

* The Lake River Reports were not recelTed in time to indnde thedeMsrlptton of Doable-Floeti 
and in tbe Table: the pettenisaied were enMrcntlyldentieal with thoee denribed for theUiodvippI 
gxpertBi, (w Lake RtY6c Report of '68, pp.»gO, Wl), bntdstaUcd di m enaioM aw not gi^wu 
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869—872 
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\ 380— 888 
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It must be remembered, however^ that the Faults (iiijiy^ r, yi^ Art 9) 
dependent on this are of trifling importance at small depths, and become 
serious only at the great depths, so that the Results obtained eren by the 
most fanlty of the Instruments (the last three) will be accurate enough 
at all small depths, or perhaps down to mid-depth, and will decrease in 
accuracy from thence to the bed. In drawing Conclusions from the ob- 
serrations with these Instruments, a proper allowance should be made for 
this. 

[In respect to the present Experiments, this aUowance is made in Chap. X— XIV]. 

14. Souble-Floaty Contboterst. — It will be convenient to quote 
here the following references from modem writers to the Controyersy 
on the Double-Float, see Table on last page. 



Digitized by VjOOQIC 



OHAPTEB X. 
VERTICAL VELOCITY-CURVES, 

|y<Au;e.-^Thi8 Chapter oontalxM « detailed detcriptton of the Bzperlmente far dedodng Verticil 
Telodty-OorTeB, with diacnsBlon of lome of the Beialta. The most ImportaBt Artioles are Art. 
1^8,9-8,11, ISb, 16. 

1. Vertical Velocity-Gorves.— This tenn has already been defined 
(Ch. I, 9) as the— 

" Cnrre whose ordioates are the < forward yelocitieB ' at all points ol a rerfeical 

Base-Line In any part of a channel *\ 

The importance of these Ourres to both Theory and Practice has 
already been explained in Ch. I, 10. 

Much and continnons Experiment was accordingly deroted to obtun^ 
ing data for this research. The Experiments were made at three different 
Sites (Ti2.| at the SoUnf Embankment and Twin Sol^( Aqnednct Sites), 
at several different verticals in each Site, and at several different depths on 
each of those verticals, as shown in following Tables :— - 



OSKTIUL VEBTIOALS. 



SoUai Left Aqueduct. 



I 



Solini Right Aqnednot. 



II 



II 



eolini Right Aqnedndl goUni 
fLofi Aqnedaofc doMd], 



II 



vn 
vra 



vn 



Totals 



58 



8'.96 

5'^2 



IX 

>» 

X 

n 
XI 

n 

XU 
•» 

xm 

M 

XIV 



16 
16 
18 
16 
14 

2 
15 
80 

4 
16 

9 
16 

3 

165 



9;94| 

9.A1 
8.851 
8'*4a 

8''3i 
8 

7;75 
7-59 
l';iS 

6'.77 
6'*aa 
6'.oi 

5'-5S 



4'*6e 

4'-ai 
3'-99 



XVI 



xvn 

» 

xvm 

»» 

XIX 



22 



99 



I ©'•89 
7'*93 
7;-79 
7-39 
7''a6 
6'-50 
6'H 
6'-i6 
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N0H-GK2VTBAL VERTICALS. 



Solini Right Aqattdnot. 



Tablfli 



Position of 
Vertical. 



is ^i 



8ol&ni BmlMiDkmeiit. 



Tttde. 



Fosiaon of Vertical. 



t 3, 




Position. 



I 



xm 

•* 

zzm 

» 
zxnr 

n 

xrv 



TOTALS, 12 



41'i L 

4ri L 
40' L 

n »» 

87'i L 
30' L 



SO* R 
87'i R 



16 

5 

16 

16 

16 

16 

4 

15 

18 

12 

4 

16 



154 



8'S9| 

8;.4S 
8'.64 
8'.6i 
9'.42 
9/55 
9'-33 
9'.oi 

8'.8c 



XJLVUI 
ZZVI 



ZZVZI 



6 



79'A 
76'4 



74'| L 



'•I 



■t 



on middle 

wetted step, 

on last 

step, 

close to the 

4' drop 

wall, 



67 



8'.78 
8'.49 
8'. 19 



This gives a Total of 46 Carves, (all Average Carves,) viz., 
28 Curves on Central Verticals— formed from 844 Sets, 
18 Carves on Non-central Verticals — formed from 221 Sbts, 
which is believed to be a larger collection than has ever before been 
published. 

[Ser. Nos. 1 to 4 and 12 were pnblished in the 1874-5 Report (where they are 
numbered 14B, 13B, IIB, lOB, and 12B, respectively) ; they are reprinted now— >with 
soma modification— for completeness' sake]. 

2. Instraments.— The velocity-measurements were made with the 
following Instruments :— • 

Surface-velocity. Surface-Float, same as that of the Donblc-Float in nse. 
Suhturface-veiocity. Double-Float, (with small snrface-float.) viz., 

3* wood Ball pattern in 1875-76, (Ch. IX, 12a). 
1 r copper Shell pattern in 1876-78, (Ch. IX, 12b). 
Mean veloeity. Loaded l" wood Rods in' 1874-76, (Ch. XV, 7a). 

Loaded l" Tin Tube-Rods in 1876-70, (Ch. XV, 7c). 
[The present CHiapter deals solely with the figure of the Carve. The nse of the 
«Boda" will be explained in Ch. XV]. 

8. Mode of research.— The mode of research proposed (Ch. I, 11) 
was to measare the '' forward velocity " at many points of the same 
yertical, e,g,y at the surface and at many points below, thus giving the 
values of many ordinates of each Vertical Velocity- Curve. 
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4. Ordinate-system. — The Unstead j Motion of the water necessitates 
the making of a large number of yelocity-measarements (Ch. YI, 4a) at 
each point to gire a fair yalue of the Average Velocity at ^ch. To do 
this with the Doable-Float with anything like moderate rapidity, a con* 
siderable number of Instruments mast be available ready adjusted to the 
various depths required, so that there may be no delay in adjustment to 
the various depths during the progress of the Field-work. 

There ate only two Ordinate-systems which are generally conveni- 
ent, viz. — 

Fractional tysten^ The Ordinates are at eohvenlent f tactions of the whole 

depth, e, g., at the Sarface, and at ^, A> A» ^^'» iKr <>f ^he full depth. 

InUfftr iyttevi. The Ordinates are ranged at conyenient maltiples of aojr con- 

venient length-anit, e. g., at every foot, yard, or m^tre, &c. 

The '* fractional system" is the most convenient for the nnmerical 
computation attending the investigation of the jQgure of the Gnrve^ and 
is therefore usually employed with Instruments trhich, likd the Gurtent- 
Meter and Pitot's Tube, can be set with equal convenience at any depth' 
each time they are used : but it is very inconvenient with Instraments 
used in large numbers like the Double- Float, as the ever-varying depth 
of water would involve a constant re-adjustment, not only of the lengths 
of the Connectors, but also of the positions of the '^ Bridges " (Ch. IX, 
12b) upon the ^* Plank-Trays", by means of which the Connectors are 
kept permanently stretched. This involves such great waste of time as 
to be impracticable. 

The *' integer system " is then the only convenient one for use with* 
Double-Floats, as a large stock can be kept with theil Oo&6e<itoi« adjust- 
ed once for all lying ready for use at all times. 

[Thns in the present Experiments the Ordinate-system for velocity-measorementa 
upon any vertical was— 

At sarface, at 1' depth, at 2', 8', 4', &c., and so on at eyery foot of depth, 
and a large stock of Double-Floats was kept always ready with their Connectors ad- 
justed to all lengths in whole feet from 1' to 10' (the maximum depth of £xperi* 
ment,) a set of 9 for every foot. In a hot climate it is of great importance to have 
the Instraments always ready for use, so as to be able to atilize the few cool honra 
immediately after daylight for actnal Experiment without any unneoeisajry delajr 
in adjusting the Instraments. 

It will be seen that a Set of 90 Donble-Floats were sometimes in nse at once (via.> 

• It WIS the lyitam actually uied in all the large Modem Bzperimenti with the Doable-Flo«t— 
Min. Repoi t. Tables on p. 9S0, e< siq. ; Lake RiTer Beport of '68, p. OSS ; Irrawaddi Beport of lb, 
Art. IS ; Connootient Report of *78, p. 810. 



Digitized by VjOOQIC 



ART. 4—7. 168 

9 for everj deptb trom V to 10^} : the impracticabiUty of frequent re-ad jottQieiit of 
•o large a number will be obvious]. 

5. Field-workd — The mode and order of ilie Field-work has alreadjr 
been explained in Ch. YI, 12a, q, v, 

[The velocitj-measurements were always made as nearly in the order there ex- 
plained, viz., — 

''d at surface, 3 at 1' depth, 8 at 2' depth, and so on in succession, usually down 

to the lowest* depth (in whole feet say n feet) attainable ; lastly, 6 loaded Rods of 

length (I) nearly equal to the full depth (H)/' 
as was compatible with practical convenience. It frequently happened, for instance, 
that — in consequence of the Unsteady Motion of the water— the whole available 
stock of Instruments suited to a particular depth was cast from the Upper Boat with- 
out the requisite number (three) of Good Floats resulting fit to record. To make 
np the group of three velocities for that point there and then would have necessitated 
the considerable delay of sending the Boats to bank to exchange the Instruments 
from the Lower to the Upper Boat To save this delay, the actual practice was to 
pass on to the next depth when the whole available stock of Instruments for any one 
depth was exhausted. The Instruments were thus exchanged from the Lower to the 
Upper Boat only after an attempt had been made to complete the requibite three at 
each depth. After the exchange an attempt was made to supply the missing obser* 
yations in regular order as before, i. e., from the surface downwards]. 

6. Tabnlatioxif Seriesi (Tab. vn— xxvm, and j, 4)— Tables vn— XX vm 

contain the whole of the Details connected with the Vertical Velocity-Curves. 
The mode and order of tabulation of the Sets, and the combination used in form- 
ing Aem into Sbbibs, have been explained in Ch. VI, 12c— 18a, q, v. These Articles 
include also the explanation of most of the Columns of these Tables containing the 
Velocity-Data. The explanation of Col. g (Fall of Water-Surface) will be found 
in Ch. VII, 2e, 9a. The explanation of the Kesnlt Columns (Nos. 7 3) ^^ ^ S^^^^ 
in due course. A brief explanation of the whole of the Columns is given at p. 18 
of the Tables themselves. 

To save unnecessary looking over details, Abstracts have been prepared (Tab. 
3, 4)* showing the Means and Rakqbs of the principal Data and Results for each 
Series. 

[In Tab. g, 4 two lines are devoted to each Series ; the upper shows the Means, and 
the leoond the Ranges ; sea Explanation atiie|id,of.^ch Tablel. 

7. Average Vertioia VelooilgrOar¥efl, (Pi. xn-;xvin).-J?ach Disgnw 

shows the Average Velocity-Measurements at the surface and at 1', 2', 3', &c, n 
feet below the surface in clear black lines, as ordinates plotted from the Base-vertical 
olose to which the depths are figured. The Rod- Velocities (u) actually observed an 
alfo shown in dear black lines. 

Velocities eomputed from these data (not observed) as hereafter explained, vis., the— 
Mid-depth Velocity (ru). Bed Velocity (va). Mean Velocity (U), 
are shown in dotted linee. 

The Mid-depth Velocity (V|h), and Bed Velocity are plotted as ordinatea from the 
proper points (mid-depth and foot) of the Base^vertical. The Rod-velocitr (n) and 

* M« Art. is for ezpUaaUon of eaM wh«r» r > H. 
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Mean Velocity (U), which do not belong to any partieular point of theBiM-Tertteal, 
are plotted as ordinates in any convenient poeition where they conld be introdnoed 
withoat conf asioQ. 

The tips of the yelocity-ordinates at the one-foot interrals, and of the mid-depth 
and bed ordinates are joined by clear straight lines : the irregnlar line so formed is 
the Ayeuagb Vertical Velocitt-Cdrvb given by the data, the jonction lines 
being all ttraighty the irregnlarities inevitable in the Obsenration-Carve are clearly 
exhibited, without the introdnction of any bias of the dranghtsman's hand (which 
inevitably results where free-hand curves are drawn). 

The tips of the Mean Velocity- and Rod-velocity-ordinates only do not lie on the 
Curve itself. They are indicated by arrow heads, and also by a (clear) vertical drawn 
right across the curve. These lines have in each case important physical meanings,— 
1^ jRod'veloeity. The vertical line is a ** picture " of the Rod itself, indicating 
(by its position) the position of the Rod in the Curve, and also (by its length) 
the length of the Rod. The foot of the Rod is indicated by a slight horizontal 
scratch intended merely as a conventional way of showing (without possi* 
bility of mistake) the end of the vertical line. 
2". Mean Velocity. The rectangle included between the vertical line in question, 
and the surface- and bed-velocity ordinates and the Base-vertical is equal in 
area to the area contained between the Curve itself and the three last lines. 
In the cxse of Velocity-Curves for a Non-Central Vertical (PI XVI— XVIII), Cross- 
Sections (of the whole or of part of) of the Site are also given, showing the exact 
position of the Experimental verticals in the several Sites. 

The dotted Curves show the Velocity^Farabols obtained as explained in Ch. XI, 7. 
The position and magnitude of the maximum velocity line (or parabola-axis) is in- 
dicated by a pair of arrows, one pointing to the vertex of the curve, and one (marked 
V) to the origin of the line on the Base- Vertical. 

7a, Vetocity-ordinate exaggeration. — ^The depths shown on the Base- Vertical are 
all on the scale of 10' to an inch ; but the velocity«ordinates are all on the scale of 1' 
per second to an inch. Scales of depth and velocity are of course not really com- 
parable : but it is clear that— adopting the second as the time-unit— the relocity- 
ordinates are exaggerated ten tiinee. This exaggeration has been necessaiy to show 
the curvature of the curves in any distinct manner. It will be seen, therefore, at once 
that all the curves are really very flat 

8. Propertied of the Otmres.*— *A mere cursory examination of the 
Carves (PL XII— XVIII) will show at once the following prominent 
properties, in addition to those (common to all yelocity-caryes) discussed 
in Ch. VI, ]5, from which it will be remembered that in this discussion, 
Carves derived from numerous 6bts of data are entitled to more weight 
than Curves depending on only a few Sets (in consequence of their better 
approximation to really Average Curves). 

*<The (Turves are generally eveiywhere convex down-stream, (except of course 

near an irregnlar margin, (a^., in Ser. 44 to 46, Fl. XVIU}",.^ (1). 

'< The maximnm velocity is nsnally below the surface", (2), 
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** The line of maximnm Telocity 8iiik8(iii a rectangnliir channel) from the cSG 

towards the henks, and is abont mid-depth at the banks ",*[»«« Fl. XVII,] (3). 

^ The line of maximnm velocity lies near the surface for Tcrticals near and 

orer the banks of a channel with sides laid ont in steps ", (4). 

**The yelocities near the bottom are generally the least", (5). 

*' The mid-depth yelocities are generally greater than the means", (6). 

" The differences between the velocities in any one carve are all small qnantitiee 

(compared with the velocities themselves) ", (7). 

•*The Curves are all decidedly flat", (8). 

" The flatness of the Cnrves decreases (in a rectangnlar channel) from the centre 

towards the banks ", [we PI. XIH, XVI, XVH,] * (9). 

It is worth while noticing here, before entering into a detailed dis- 
cnssion, that the general features above described agree closely with the 
Besnlts for similar cases of Mr. Basin's small scale Experiments in rec- 
tangular channels. 

[Compare PL Y, XVIil to XXT, YXTTT, XXVI of the Basin Expts. Adas with 
the present Plates]. 

9. Notation, (PL XX, 8).— In what follows, the following notation 
•will be need : — 

a := depth of any point below surface, 
s' = depth of immersion of Sub-Float, (always < t), 
Z, Ag, A =: depths of lines of ICaz. Velocity, Mean Velocity, Rod- Velocity. 
H = fall depth. 

I = proportionate depth (i, e., Z -f- H) of max. velocy.-line. 
V, Vs = velocity at depth s. 
v' or Vft = velocity of Double-Float with Connector-length s, in Chap. X. 
v' or «b' = ordinate of velocity-parabola at depth a, in Chap. XL 
^o* *4H *^" ^^ surface-, mid-depth-, bed-velocity. 
V, tf, « = Maximum- Velocity, Mean Velocity (past the vertical), Rod- velocity. 
p = parameter of velocity-parabola, 
m = (reciprocal ot p) = l-i-p. 
The following scheme shows the correspondence of depths and velocities :— • 

Depths, a = 0, 1, 2, 8, Z, iH, h^ A, fH, (»-l), n, H. 

Velocities, r or r, = r^, »i, Vj, »3, '^»V»^'**'V' ^»-i» ^n,^R. 

10. Instrumental Distortion of Carve, (PL XIX).— Errors of relo- 
city-measnrement inherent in the Instmments employed will of conrse 
affect the apparent figure of the Curve derived from them in a definite 
way. An attempt will now be made to estimate the general effect of 
the known sources of error (Gh. IX, 8) due to the use of the Double- 
Float. They will be taken in the order of Gh. IX, 8, viz.— 

i. Lateral Deviation of Snb-Float. 
ii. Snrface-Float Resistance, 
iii. Connector-Resistance. 
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it. Idf t of Bnb-Floiit doe to Utanl dcdatkHL 
T. Idftof 8nb-Flo«tdaetoitaLi«orLead. 
tL lift of Sob-Float dae to cnnrataie of Coimector. 
Tu. Instabilitj of Sob-Float 
The diBturbing oanses Nos. i and vii beiog nnceitain and irregnlar in 
their operation, (we Ch. IX, 8,) their efifect on the Velocity-OurYe ib 
irregnlar, and does not admit of estimation. For each of the remaining 
fire canses (Nos. ii to yi) of distortion of the cnrre, two principal eases 
will arise, vi*. — 

Case (a). Greatest Velocifcj at the sorlooe, (PI. XIX, iia, iiia, ya, yia). 
Cask (6). Gxeatest Velocity below tbe sorface, (PI. XIX, ii&, iii^ rh, fib). 
It will be seen (from what follows) that the Errors are cumulatire in(}ase 
(a), and partly compensatory in Case (6). In the Diagrams, (PI. XIX,) 
the *^ Trae Carre " is shown by a clear line, and the ** Obseryation-Conre '* 
(affected by each Error singly) by aiolsted lioe : ihe disectioa of displace- 
ment of the points P on the tme Cnrve to their new positions p on the 
Obserration-Cnrre is shown by the short lines as Pp between the Cunres. 
In the fire Diagrams of Case (6), BC is a vertical line, so that cO is a 
Telocity eqnal to the snrface-yelocity bB. 

The Errors being all supposed small, their effects may — by the prin- 
ciples of Infinitesimals — be separately estimated, and afterwards super- 
imposed. 

10, ii« Swfaee'Hoai ReaUtance, (PI. XIX, iia, ^).— The action of the snrfaoe 
water on the Sarface-Float necessarily accelerates or retards the Sab-Float acoording 
as the sarfaoe-yelocity is > or < the Telocity of the stratum in which the Sob-Float 
mores, so that— 

<*Bach sobsorface relodty-measorement («') exceeds or falls short of the real 
Telodty (v) according as the sorfaoe Telocity is greater or less than the latter ",.-(10), 

or, more briefly, **v' > = < » according as i;^ > s= < v,** (lOa), 

from which it is dear also that If v^ > < v', then A fortiori o^ > < v, so that this 
Resolt may also be expressed in the following form more oonyenient for fotore dia- 
eoBsion, Tia— 

t' > ss<v according as r^ > = < Vj (106). 

It is easy to see in a general way that this error always prodoces a general flatten- 
ing of the troe conre, for all sobaorfaoe Telocities whidi exceed the aorface-yelodty 
are onder-estimated, and thoee which are less than the sorface-Tdocity are over-esti- 
mated. This is clearly shown in PL XIX, iia, h, 

lOy iii. Conneeiar-Euutance^ (PL XIX, iiia, 5).— Jt is easy to see that the Con- 
nector tends to accelerate or retard the Sob-Float according as the conred form into 
whidi it is thrown by the cnrrent-presBOie on it is oooTez or concoTe down-stream 
(Mtf Fig, iiiai, ^i, h^ 6 J, or according as its corvatore is similar to or opposite to that 
of the Vdodty-Corre itself. Henoe^ 
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Cabs (a). Greatett Velocity at the Surface, Fig* iiia^ 

<* The Sab-Float lags (Fig, iiia), the Connector is carved like the Velocity-Carre 
and accelerates the Sab-Float. The Obeeryation-Carye lies eveiywhere oatside the 

tme Ctinre, and the £rror inereanee with the depth**, » (Ha). 

Case (Jby Greateet Velocity Itlow the eurface, fig, iWh — 

<*From B to A the Sab-Float leads, the Connector is carved in the opposite di- 
rection to the Velocity-Carve (Fig. iii^i), and retards the Sab-Float. Below A the 
npper and lower parts of the Connector will be carved in opposite directions, {Fig. 
1116},) down to some point Q between A, C, for which the Total Acceleration and Re- 
tardation on the Connector itself will jost balance. From B to Q the Observa- 
tion-Carve lies wholly within the trae Carve ; at Q the Corves croes, and below Q 
the Connector is carved like the Velocity-Carve, (Fig. iiib^) and accelerates the 
Sab-Floaty and the Observation-Carve lies withoat the trae Corve, and the Brror 

inereatet with thedepth**y «. (11^). 

[The position of Q is onknown, bat there is some reason to expect that its depth 
below the surface is about } of the depth of C]. 

Thus the general effect is a simple horitontal tramlation of each point F of the 
trae Carve to the new point p of the Observation-Carve. 

10| !▼> ▼> ^- ^T OF Sub-Float, (PL XIX, ja, b ; via, &).--It has been ex- 
plained (Ch. IX, 10) that three distinct causes, viz.— > 

iv. Lateral Deviation ; t, Lag or Lead of Sub-Float ; vi, Connector*cnrvatare» 
combine to lift the Sub-Float, so that the velocity 'measurement (»') effected at the 
real depth («'), corresponding say to the point P, {Fig. t, vi,) is attributed to the 
hwer point p corresponding to the greater depth (s ) indicated by the length of the 
Connector. 

The result is that a general depreition of the velocity-ordinates takes place, accom- 
panied by a vertical depression of each point P of the true Curve to the new point p 
of the Observation-Curve. 
Case (a), Figt, va, via. Greatett velocity at the surface— 

** The Observation-Curve lies wholly without the true Curve, and the ESrtor due 
to causes v and vi increases with the depth) because the causes (Nosl y, vi) increase 

with the depth 'V (12a). 

Case (6), Figt, v6, vi5. Greatest velocity belon the surface — 

''The Observation-Curve lies within the true Curve from B to A, and crosses it 
just below A (where the two Curves coincide). Below A the Observation-Curve 
lies everywhere outside the true Curve, but in diffeteui degrees under each cause 

separately"— as follows, (125). 

Cauee iv. "The precise variation is uncertain", (12c> 

Cause V. ** The ' Lead ' of the Sub-Float decreases (Ftg. lib) from A to C, and 
vanishes at C : hence the Lift of the Sub-Float caused theteby decreases from A to 
C, and the Observation-Curve {Fig. v&)lies very near the true Curve from A to 
and coincides with it at C ; below that point the Error increases with the depth, be- 
cause the * Lag' of the Sub-Float increases ", (12^. 

Cause vi, ** Below the point A, {Fig. vii) the Error increases with the Depth 
because the cause increases", (12#). 

11. Besultaat Brrori (PI. XIX, da, &).— The sereral partial errors, 
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being all supposed small, may be superimposed by the principles of Infin- 
itesimals. It will be seen by what precedes that — 

** The Sorface-Float Action, and Connector Action cause error of same kind, 
viz., horizontal displacement, and in same direction except in the small space QC 

in Case (i)", ^ (13>. 

** The Lift of Sab«Float dae both to its Lag or Lead and to Connector Action 
canse error of same kind, viz., vertical displacement, and in same direction except 

through the space AC in Case (i),'' ^ (U). 

Combining the several partial Errors, it is seen — 
CA0B (a). GrtaUtft velocity at the turface — 
'* The partial errors are cnmalative, the Observation-Curve lies whollj without 

the true Curve, and the Resultant Error increases with the depth ", (15a). 

Casb (ft). Greateit velocity helow the turf ace — 

" From B to A the partial errors are cumuUtive, from A to C they are partlj 
compensatory, and below C they are cumulative. The Observation-Curve lies 
whlloj within the true Curve from B to a certain point Q between AC, crosses it 
at Q, and below Q lies wholly without ic ; also below Q the Resultant Error in- 
creases with the depth " (16^. 

[The position of the point Q is of course dependent on the relative proportions of 
the Errors between A, C. The point Q is certainly below A, because near to A the 
Errors ii and iii displace directly inwards, whereas Errors v, vi displace only slightly 
outwards]. 

It is easily seen also that — 
*' The combined Errors produce in all cases a general flattening of the whole 

Curve." (16). 

and therefore, 

« The whole of the Observation-Curves (PL XH to XVIII) are too flat, especi- 
ally near the bed, where the velocities are all exaggerated", ,...(16a). 

In drawing Conclusions from these Curves, this Result must be care- 
fully borne in mind. It may also be remarked, as in Gh. IX, 9, that 
of all the sereral causes of distortion of the cnrre, the Connector- Resist- 
ance is the most important near the bed in deep channels. 

12. Kid-depth Velocity (r^a), (PI- XX, 1).— This quantity has ac- 
quired quite an unusual importance from the suggestion in the Mississippi 
Report (p. 295) to use it as an approximation to the Mkam Yblooitt 
past a vertical. This use will be discussed in Gh. XIY, 10. 

Present ExptrimewtM. It has been explained (Art 4) that convenience in nae 
of the Donble-FIoat reqaires the velocity-measarements to be made at eotutant 
depths (sach as at 1', 2^, 8^ &c., below the snrface) ; the velocity-measnrements in 
these Experiments, therefore, could not be made at the real mid-depth point (which 
xiaes and falls with every rise and fall of water-level). An approximation, believed 
to be dose enough for the present purpose and easy of application, was obtained 
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by simple interpolation by proportional parts between the Telocitj-meaBarements 
next aboye and next below the mid-depth point. 

Thna, let r, (r + 1) be the integers* next less and next greater than ^H. 

Ob ^r 4.1 the Telocity-measarements next above and next below mid-depth (^H). 

Then it is dear from PL XX, 1, that, $uppo$ing th€ curve in the neighborhood of 
the mid-depfh to be a straight line, the approximate valne of r. ^ is given* bj either 
of the formolflB,— 

^|H=^'- (4H-r)(r,-»r+i)or = rr+i+(Ma- iH)(Pr-»r+i)......-(17). 

The approximate Talnes of the mid-depth velocity, were fonnd by these formnl« 
eeparateltf for every SsT of Sabsnrface work in these Experiments, and are shown 
in Snb-Col. v^^ of the Tables VU— XXYIIL These may be called Bongh Mid- 
depth Velocities. The mean at the foot of the v^^ 8ab-Colnmn in each Series is 
the AVEBAQB MiD-DKFTH VsLOdTT-MBASUREMBNT of that Sebiss nearly freed 
from Observers' personal equation (see Ch. VI, 18). 

[It is clear from thefigare that, since the Average Vertical Velocify-Cnrves are 
everywhere convex down-stream (Art 8), 

" The above approximate valae of the Average Mid-depth Velocity is nsnally too 

small", ^ (18). 

12a. Mid-depth Velocity/ not constant. — One of the most startling 
Conclnsions in the Mississippi Report is that the Mid-depth Velocity is 
sensibly constant (for the same vertical with constant water-level) under 
all changes in the " External Conditions " (wind, sarface-slope, &c.) 

After coming to the Conclusion that the ratio of the Mid-depth Velocity to the 
Mean Velocity past a vertical is sensibly constant (for the same vertical with constant 
water-level) onder all changes of wind, it is stated (p. 294 of Report)— 

<* The constancy of this ratio necessarily implies that the velocity of the mid- 
depth layer of water in a river is not affected by any changes that take place in the 
direction and force of the wind, whatever their extent may be, even from a calm 
to a hnrricane ", 
and again, after explaining the disturbing effect of the wind on the velocities in 
general to be such (p. 295 of Report) that — 

*< the velocity of the mid- depth layer of the fluid mass must remain unaffected ** ; 
it is added, — 

** This being established, it follows that the mid-depth velocity is independent of 
the position of the axis, and therefore is not affected by irregularities of the bottom''. 
This broad generalization evidently rests upon the taeit asiumption^'-'(pt which, 
however, no experimental evidence is given)— 

''The Discharge and Mean Velocity pasta vertical are assumed sensibly constant 
for the same vertical with same water-level (see p. 295tof Report) under all changes 
in the External Conditions", 
in addition to the previous assumption of the constancy of the ratio of the Mid- 
depth Velocity to the Mean Velocity past the vertical : and the Conclusion therefore 

• The Telodty-meararementB being (Art. 4) at nwcotive whole feet of depth. An obvioQi modi- 
floatlon i« required for •ny other interval, 
t This statemeBt is of coarse ttot a quotation, 

Z 
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teats-^not upon a eompariton of the aetual JUtd-deplh VehoU^-meoiuremmii thim- 
seives, bat upon the euppoted comtancy of the two quantities mentioned, i.^., on very 
indirect evidence, which is itself donbtf aL 

[This comparison from the Mid-depth Yelocity-measnrements ihemselyes cannot 
be done from the Results publiehed in the Mississippi Report : for these Results 
are all Ayeragb Velocities without details, and hardly any two of the Sets 
appear to have been done upon one and the same yertical, at nearly the same water- 
level and same Mean Velocity of the Riyer, so that they are probably not inter- 
oomparablel. 

Howeyer this may be in the case of Great Rirers, it is certainly not 
a general law of fluid motion in Open Channels. The present Experiments 
show this amply ;^* 

A mere glance down Col 8 of any of the Tables VII— XXVm will show at once 
that the Mid-depth Velocity-measurements in saccessiye Sets of the same SEEiBa 
(with a mazlmam variation of water-level of only about 'S') vary greatly In mag- 
nitude. The " Range ** or amount of this variation is shown at foot of Col. 8 f o^ 
each Series along with the Average Mid-depth Velocity (v|a)« An Abstract of these 
two Results— the Average Mid-depth Velocity and its " Range "—in each Series 
is given in the V|h Sub-Column of Abstract Tables g, 4> in which they can be com- 
pared at a glance. The " Ranges" will be seen to be frequently pretty large fraC' 
tions of the whole quantity. The cases in which the Ranges are the largest fractions 
of the whole quantity are shown below, separately for the central and non-central 
verticals at each Site, 





SOLAXI AQUEDUOT. 


SOLARI 
BMBANKlCSirr. 


SITE. < 


Left 
▲qnedact. 


Bight Aqnednct. 




L. Aqood. opoD. 


LJkq.doiad 




Position of Vertical of Experiment. 


Central. 


Central. 


Non. 
central. 


Central. 


Central. 


Non- 
central. 


(Serial Number, 
Reference, • • ^jj^^^e^ ^f Sets, 


1 
20 


9 

14 


29 

16 


19 

8 


28 

16 


42 

16 


• • 
Average Mid-depth Velocity (»|„), 

Range, ue,, excess of greatest ovei 
least value, 

Range Percentage, 


4-04 

.40 
9.9 


4-25 

.84 
19.8 


a.70 

•38 
U.l 


5-85 

.69 
11.8 


a.67 

•32 
12.0 


3-3a 

.63 
19.0 



This variation might be supposed due wholly to the change of ** External Condi* 
tions" between the different Sets of the same Series. But there are many Cases 
in the Tables in which several Sets were done in succession, in a perfect calm, with 
steaiiy water-level, and nearly steady Surface-Fall, see See. 23, 27, &c., and yet the 
variation is foell marhed in those eases also. 
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Bnt in two of the special Experiments {tee Nos. 1, 2 of Tab. LXXIV) detailed in 
Ch. VI, db as showing Unsteady Motion, a laige nnmber of yeloeity-measnrementa 
were made in as rapid sueeeiHon as possible, yis., 

48 with the Dooble-Float at 5' depth in 9^-75 of water, 
12 with Moore's Cnrrent-Meter at 5' depth in 9^*65 of water, 
snffldently near the mid*depth to test this question. In these two Cases also the Range 
percentages are pretty large (16*9 and 12-6 per cent) 
All this eyidence together points most strongly to the Cooclusion that-« 
'^ The mid-depth Telocity of every vertical is subject to great and rapid variatioii 

from instant to instant", • - ^ (19>. 

This is no doubt a conseqaence of the general state of XTmstbadt 

llOTIOH. 

12b. Comparative Range ofJUxd-depth Velocity.-^On comparing the 
" Banges " of the three Average Velocities, viz., at Bnrface, Mid-depth, 
and Bed thronghout all the Seribs, (which can easily be done in the 
Abstract Tables 3, 4, where they are all brought together,) it will be seen 
that the Range of the Average Mid>depth-Velocity is generality less than 
that of the Ayerage Surface and Bed- Velocities. This can be seen at 
once in Table below, which shows the total number of Seriss in which 
the Bange of the former is less or greater than the Ranges of the latter. 



1 


BOLAHI AQUBDUOT. 


Qat-Awt 




BITB.< 


Left 

Iqaediiot. 


Right Aqaednct. 




1 


L.AiliMd.opcn. 


L.A«.oloMd 


Podtlon of Vertical of Experiment. 


Oentrel. 


Oentnd. 


Hon- 
oentnl. 


Oentnl. 


Central. 


Hon- 
oentral. 




"S f Range oif\a< Range of v^, 
*! i Rangeof r|K ^ Range of Vq, 
^g Range of v^ < Range of Vh, 
g LRange of v^a > Range of vg. 


2 
S 
4 



U 
2 

11 



10 
2 

11 
1 


8 


1 


4 
8 
8 



8 
8 
6 



83 

12 

42 

2 



This shows that — 

^The variability of the Mid-4epth*Velocify is generally less than that of the 
Soifaoe- and Bed^VelodtieB *\ 



I* •••••••••••••••••*•••••••• .CV*************** 



(20). 

This is sufficiently accounted for by the disturbing effect of the wind 
on the Surface-Yelodties, and of the uneyenness of the bed on the Bed* 
yelodties. 

13. Bed-velocity (%)> (^1* ^31, 2).— Velodty-measuiements can not 
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of coarse be done npon the actual bed-level, so that some approximate 
estimation is unavoidable. 

Vre*eKt Emperimenti. The Telocltyomeasareinents made at the one-foot intenrab, 
and especially those near the bed, enable an approximate value of the bed-velocity, 
(vb ) to be foond. An approximation quite close enough for the present purpose, and 
easy of application was used : two cases occur according as }i< or > H. 

Case L It will be remembered that the real depth of immersion (tn*) of the Sub- 
Float was (Ch. IX, 9a) always less than the nominal depth («.) indicated by the length 
(n feet) of the Connector, so that it sometimes* happened that this nominal depth 
(n feet) of the lowest yelocity-moasurement slightly exceeded the full depth (H.) on 
tlie Tertical. In this case this lowest velocity-measurement (Vn) itself seems the 
he%t simple approximation to the bed-velocity. 

Case ii. But when the nominal depth (a feet) of the lowest velocify-measurement 
was less than the full depth (H) on the vertical — as was the usual case— the best 
simple approximation obtainable seems to be that given by umple proportional in- 
terpolation, which is equivalent to supposing the Vertical Velocity-Curve to be a 
straight line near the bed, (see PI. XX, 2.) 

The actual approximations to the Bed-velocity (vb) used were then— 

Case i, n > H, vh = Vn« ,*{2la). 

Case ii, n< H, ph = »■ — (H — n) (vn^i — ro), - - (2U). 

In both Cases the approximate value is too great, because the actoal velocity- 
measurements Vn, Vn^t ^^^ effected in stream-lines at a depth really < H in the 
first case, and really < n, and («» — 1) in the second case, t.^., in stream-lines moving 
quicker than the stream actually on the bed in the first case, or at the depths n, (n — 1) 
in the second case. In the second case the Bed-velocity is further over-estimated by 
the mode ot calculation, for the Figure shows that, since the Average Vertical Velo- 
city-Curve is everywhere convex down-stream (Art 8), the calculated velocity-ordinate 
extending up to the straight line drawn through the tips of the two lowest ordinates 
is > than the real ordinate of the Curve. Hence ^ 

** The approximate Average Bed-Velocity as above found is usually too 

large ", (22). 

The approximate values of the Bed-velocity were found from the above formulas 
for every Set of Subsurface work in these Experiments, and are shown in CoL 6 of 
Tab. VII to XXVin. These may be called " Rough Bed-Velocities ". The mean 
at the foot of Col. 6 of each Series is the Avebaqe Bed- Vblooitt of that Series 
nearly freed from Observers' personal equation (see Ch. VI, 13). 

18a. Bed-ve/oeity irregular,— In many of the Diagrams a carious flattening 
of the Observation-Curve is noticeable near the bed : so that the decrease of velocity 
appears to be less rapid near the bed than at some height above. In one case indeed 
(Ser. 6, PI. XIII), the Bed-velocity appears to be actually slightly greater than the 
velocities immediately above. From the inherent difficulty of velocity-measurements 
close to the bed, the Bed-velocities are of course the worst determined of the whole, 
(Ch. IX, 9,) so that it seems doubtful whether any Condnsions can fairly be drawn 
from the (occasional) apparent irregularity noticed. 

• Sm Ser. 5, 14, 22, 80, S7, 39 tor Instanoei ot this. The graateet amoimt ooena In Ser. Ii, 
in whlehttMDomiiuddqilb IflMs 7', whilst the i«al foil depthHs e*-6l in fixe 



Digitized by VjOOQIC 




ABT. lSa«— 14. 

In flome of ihe Irrawaddi Cnryes this feature seemB to be prominent and perastent : 
thus, $ee Lrawaddi Report of '75, Art 45— 

** taking the series of groups (series 25), •»»»♦» 
out of a total of 82, folly three-foorths of the cnrrest have the greatest velocity at 
or near the bottom ". 

Mr. Gordon deduces from this and other instances, that this feature (greatest relo- 
dty near the bed) is the ordinary arrangement in very deep maUf* He infers, Art 
45, 4B, that with increased depth of water, 

** the lower velocities tend to increase relatiyelj to the upper '% 
and endeavors to explain this as due to the increase of pressure with increase of 
depth ; thus (Art. 49)— 

<< As the depth increases so does the pressure, and on the pressure theory, the 
lower layers also tend to increase their velocity, and do so, as shown by the obser- 
vations, to such a degree, that finally they become the greatest in very great depths '% 
Admitting the facts, (t. e,t accepting the results of observation) the proposed ex- 
planations muMt nevertheiese be rejected. For, it is clear that the fluid pressure at any 
given depth being the same in all directions, the ** forward pressure" at any point 
(which is here said to tend to increase the ** forward velocity") is just balanced by 
the " backward pressure " at same point The mere increase of pressure with deptti 
(i. «., along a vertical) is of no avail in producing increase of *' forward velocity " : 
in order that pressure might be effectual in producing increase of ** forward veloci- 
ty " in the manner proposed, it would be necessary that there should be an eseeete of 
^'forvrard pressure" over "backward pressure" at same point of each vertical, and 
that this egeeee ehould inereaee with depth. 

The feature in question is certainly difficult to account for, if really the ordinary 
arrangement m very deep water^ but its habitual occurrence is by no means clear. Its 
frequent occurrence— even to the extent of existing in three-fourths of thef curves of 
a tingle series of groups, (as represented,) is sufficientiy accounted for by the Unsteady 
Motion of the water, from which it will certainly often happen that the deepest velo* 
dties are measured alout tkeir nuueimum phaee, and therefore bear unnsally high 
values. This is indeed of frequent occurrence in the present Experiments, (tee Tab. 
Vn— XIX), but it disappears usually in the Average values of the velocities ; (Ser. 
6, Tab. IX being the only exception.) 

14. Mid -depth- and Bed-Vel00iti68, Bi&r APPBOZimatiok.— The best ap- 
proximations obtainable from the data— the velocity-measurements at one foot inter- 
vals—would of course have been those given by the principles^ of the Calculus of 
Finite Differences, viz. — 
., = «„+ »H. Av. + iH.aH-l) ,,^^^^^,^ iHt(H-l)...(4H-,42) ,^^,^,^33^ 

.„ . ^H(H-l) .. . H.(H-1) (H-a+2) .^^ .ojv 

•assr.+H. Ai»o+ 1 2 ' • "*■ •""•• 1 2/. — ITTii^l) ®* "'^ ^ 

[To have applied tiiese to each of the Sets (565 in number) in these Experiments, 
would have been an immense labor : the Besults did not seem of sufficient import- 

t The « cunres " meant are probably what are styled In tbis Work f*Boiigb Cnrrw", (not 
- Average Onrvee "0 which therefore cany little weight 
I Me Boole's Fintte DlffleKenoei, GbHS ni. Art >• 
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anoe torender it worth while incurring the labor. The approximationB naed (above) 
are belieyed to be sufficient for the purpose]. 

16. Eztexnal Conditions. — A comparisott of all the Caryea on one 
vertical— 

Nos. 1-4, (PI. xn); 6-17, (PL 3311)5 18-20, (PI. XIV) 5 21-28, 

(PI. XV) 5 29, 80, (PI. XVI) ; 82, 83, (PL xvi) ; 85-87, (PL XVD) j 

88, 89, (PL XVH); 42, 48, (PL xvni) ; 44-46, (PL xvni), 
will show at once that— 

" Any marked increase or decrease of any primary velocity (e.^., sorfaoe, bmzi* 

mnm, or mean) is accompanied on the whole by increase or decrease of the velocitiea 

at all points of the same vertical", .»••• (25«), 

though the increase or decrease is by no means similar at similar points. 

The same thing may be seen from PL XXI, XXII, whereon five 
of the primary velocities (V, t;^, Vh, U, t*) have been plotted as ordinates 
to the Average Depths (H) as abscissfe for each of the 28 Vertical 
Carves on Central Verticals (Ser. i_28)> all the Besults of one Series 
being plotted on one ordinate. It will be seen that as before — 

** The primary velocities past any one vertical vary ronghly together ", (255). 

It will, therefore, probably snfiSce to endeavor to trace the dependence 
of one only of the primary velocities upon the External Conditions, and 
for this purpose it seems best to choose the Mean- Velocity (U) past the 
vertical as being the one of most practical importance. This diacussion 
is deferred to Ch. XIV, 11. 
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CHAPTER XI. 
VERTICAL VELOCITY-CURVE FIGURE. 

Frtfaee,^ln this Chapter tiie mode of finding the Host Probablx TKLOGnr-PABABOLA la 
folly detailed (Art. 1— 9e)» and the parameter-Tariation Is dlaenaNd, (Art. 10— llo). This leeeaithiB 
entteely of theoretical interest. The most interesting Articles are Art. 1, 2, 8, 8e, 4,6, 7, 7b^ 8, 10, lie 

1. Vertical Velocity-Curve, Figurb. — ^The inrestigatioii of the geo- 
metric figure of the Vertical Velocity-Gnrye is a yerj delicate inquiry 
bat at the same time one of the highest interest. Unfortonately the 
primary observation- data, viz., the velocities themselves, are not very 
good data for the purpose (though the best as yet available). Thns, the 
elope of the curve at any point depends not on the velocities themselves, 
but only on the difference between the velocities at successive points, 
which difference (Av) is always small compared with the velocities (v) 
themselves. Again, the figure of the curve depends on its curvature, 
and this depends not even on the last mentioned small differences 
(At;), but on the differences between them, t. 6., on the second differences 
(A*o) between the primary velocities, which are always (not small, but) 
minute quantities compared vjith the primary velocities^ (never exceeding 
a few hundredths of a foot per second in the present Experiments,) and 
therefore within the limits of probable errors of the primary Average 
Velocity data. So that in fact a very small error in the original average 
velocity-measurements (which may be of no importance whatever as 
regards the velocities themselves) affects the figure of the curve enor- 
mously^ (unless it be a constant error affecting all the velocities alike, 
which would be of course eliminated in taking the differences). The 
delicacy of the investigation will thus be understood. 

[If the differences (Av) of the Telocities at BQCcessiye points were sosceptible of 
direet measurement— independently of the velocities themselTes— these would be the 
best data for the purpose]. 

la. Pigfures proposed. — Various curves have been proposed by differ- 
ent Experimenters as representing the results of Experiment with suffi- 
cient approximation. The views of some of the older Experimenters 
(extracted from the Mississippi Report, pp. 204—206) are given below. 



Digitized by VjOOQIC 



176 



OHAP. XI.— VBBTIOAL TBLOOnT-GURVB FIOUBV. 



Kame. 



Epoch. PlAoe or Eirer. 



Flgoxe anigned. 



Oerstner, • . 
Woltmann, . . 
Eytelwein, .. 
Funk, 

Defontaine,.. 
Ranooort, . • 
Baamgarten, 



? 

1791-99 
1801-20 
1803-06 
1820-38 
1824-26 



near Caxhaven, 



Weacr, 
Rhine, 
Neva, 
1887-46 Garonne & Rhine 



Ellipse. 

Parabola, with vertical axis, vertex below bed« 

Oblique straight line. 

Logarithmic. 

Pair of oblique straight lines. 

Ellipse, major axia vertical, vertex below bed. 

Hyperbola. 



The views of the more modem Experimenters and writers are given below. 



Name. 


Epoch. 


Place or Blver. 




Reference to orlgfnala, 
[forTitl«.MeCh.I.tlj. 


Boilean, .. 
Humphreys 

and Abbot, 
Basin, 
Henry, 

R6vy, 

Ellis, 

Gordon, 

Cunningham, 


1844-64 
1851-59 


Mississippi, &C., 


Parabola, axis horizontal, 
Parabola, axis horixontal, 


P. 807. 
P. 234. 


1855-62 
1867-69 

1871 
1871-74 
1872-79 
1874-79 


Burgundy Canal 
Niagara, &c.. 

La Plata, &c., 

Connecticut, 

Irrawaddi, 

Ganges Canal, 


Parabola, axis horisontal, 
Ellipse, minor axis at or 

above surface, 
Oblique straight line, 
None assigned. 
None assigned. 
Parabola, axis horizontal. 


P. 228. 

P.694of '69 Report 
P.4L 

• • 

• • 
Ch,XI. 


Dnpnit, • . 
Moseley, .. 


1863 
1872 


[By theory, 
no fizperimenta] 


Parabola of high order, 

axis horizontd, 
Exponential, 


P. 18. 
P.35,VoLXLIV. 



This diversity of figure assigned by the older Experimenters results partly from 
the want (in those days) of a sufficient number of Experiments, and partly from the 
flatness of the curve, which is in all cases so flat, that probably not one but many 
curves of many totally different families could be fitted to the observation-curves 
with an approximation quite within the limits of the probable errors in the values of 
the Average Velocities. 

It will be seen that Messrs. Henry, Moseley and R£vy are the only modem writers 
in distinct opposition to the use of the parabola. In an unpublished communication * 
of 15-7-76 to the present author, Mr. R6vy writes that he— 

« considers all attempts to parabolise or otherwise express the movement of 

water by curves of conic sections to be a mistake ". 

Nevertheless the weight of opinion of modem Experimenters clearly inclines now to 

the adoption of the parabola. Mr. Bazin writes thus in 1 875 (" Discussion, &c.," p. 809)— 

** Hydraulicians, however, admit generally now-a-days that the velocities on one 

and the same vertical vaxy as the ordlnates of a parabola ". 

In the uncertainty above noticed as inherent in the question, in consequence of the 
flatness of the curve, it is permissible to choose for trial any curve (out of the many 
which would possibly fit the observation-curves with equal approximation) which 
admits of simple calculations in its determination. Now of all curves the simplest in 
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detennination Is the common parabola. It is preemnablj this which has led latterly 
to its selection for trial in preference to others. 

2. Velocity-Parabola. — The parabola which nearly coincides with a 
Vertical Velocity-Carye will be called for shortness a Velocity-Para- 
bola. The fundamental property of the parabola may be expressed— 

** Square of ordinate (measured from axis) = Parameter x Abscissa (measured 
from tangent at vertex along the azis}*'^ (1). 

With the notation of Ch. X, 9, q. v., and referring to PI. XX, 8, it 
follows by the above (1), for any point P on the cnrye, 

FIT = parameter x AN; or (Pn - Na)*= parameter x (flA—pP),.... (la), 
whence the final equation of the corye is,— 

(« - Z)« = p (V - r), (2), 

also, writing s s= 0, so that = v^ in the aboTO, there results, 

Z« = p (V -»o)» (8), 

whence, by snbtractioni p (p^ — v) = a* — 2Zff, .....•.••..••.. ,. (4), 

a form sometimes more convenient for discussion. 

3. Parabolic Elements, (Z, V,p).— The primary "parabolic ele- 
ments " in the equation of the velocity-parabola are onlif three^ viz., the 
maximum velocity (V), the position of that line defined by its depth (Z) 
beneath the surface, and the parameter (p). These being found, the 
parabola is definitely determined. 

To determine these three quantities, three data, e.^., three velocity- 

ordinates (vm) at different known depths (r) beneath the surface, are of 

course necessary and sufficient. 

Sa. nree'veloeity Case.—'Whesi only three velocity-measurements are to be made, 
the most oonvenient (for subsequent calculations) are the following :— 
Surface-Telocity (Vq), and two yelocities v^^ v^ at depths |/, and /, 

and the calculation is as follows : — 

Substituting these known values (I'oyt'it, v,) of v in the equations (8, 4) of the 
curve, with the corresponding values (0, \l, /) of a, there result the following :— 

solving which for p, Z, V, it is easily found that — 

p = n~7Kz — /,, ^m* \i •••'• •• *• •••••••• •••••« \^^)» 

{ 4r^--(r,4-r,))«^4g,r, _ 7? (g,). 

2 A 
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I^The whole of the data ayulable (v^, v^ i^ being required for the determination 
of the parabola, this case of coarse affords no eyidence whateyer for or against the 
i^>proximation of the Telocity-cnrre to a parabola]. 

3b. Oineral Case. — The Case of more than 3 Telocitj-measurements 
ayailable is bj far the most common (and most useful) case : in the pre- 
sent Experiments all the curves but one (Ser. 41) fall under this case. 
Any three of the data taken together would suffice to completely deter- 
mine a velocity-parabola. But inasmuch as the data are all more or 
less affected by observation-errors, the parabolsd determined by each 
group of three data will usually be all different : and it becomes neces- 
sary to select a curve which shall agree approximately with all the obser- 
vations. 

There are two ways of doiog this-— 
L JSy trial and error. An easy, bnt nnsatisfactory way. 
ii. Bjf the Method of Leaet Squaree. A laborioos process, bnt satisfactory. 

So. Method L ^y<riaian<i«m?r.— This Method is an easy one. Theobserra* 
tion-caryes are first plotted to scale, and approximate valaes are assigned (by inspection) 
for the maximnm velocily (V), and depth of line thereof (Z). With these ''trial 
values " several ** trial values" of the parameter (p) are to be calculated from the 
equation (2),— 

(«-Z)* /« LTN 

by substituting the known velocity-measurements (v) at sevend different depths (c). 

[The various data (t.«., known values of 9) are by no means equally good for this 
purpose : the best data are those which — provided they be sufficiently reliable— «re 
the furthest removed from the line of maximum velocity ; as otherwise in case of 
lines near the line of maximum velocity, a small error in the velocity-data will affect 
the resulting value of p enormously; unfortunately for the successful use of this mode, 
the velocity-measurements near the bed^ which would otherwise be the best for the 
purpose, are usually the most largely affected by observation-errors (Ch. IX, 9), at 
any rate when obtained by the Double-Float]. 

It will commonly happen that on a first attempt the 'Hrial values'' of p so found 
will be extremely discordant : they must then be re-calculated with fresh *' trial 
values " of V, Z : if the resulting " trial values" of p are still very discordant, the 
process must be repeated, changing the trial values of Y, Z each thne until the re- 
gulting '* trial valaes " of p agree tolerably oloeely, Veiy small changes in the 
" trial values " of V will suffice, for in consequence of the smallness of the differ- 
ences (V — v) which form the denominator of the expression (2, but) for p, a very 
small change in V affects the results largely. A close agreement in the resulting 
values of p cannot be expected, in consequence of the fact already noticed (Art I) 
that the observation-errors are of the same order as the second differences A*!; of 
the velocities upon which alone p depends. 

When this tolerable agreement (as above) has been obtained, a rough mean of these 
last trial values of p, and tbe trial valaes of Yi Z used in obtaining them, may be 
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taken as provisioDal final valnes. It only remains to calcnUte all the velocities (v) 
for all the depths m from the formula— 

, = V-<i^, (M.). 

If the calculated valnes (i/) agree pretty closely with the original velocity-measnre- 
menfes— as thej nsnallj will— the provisional values need may be accepted as the final 
values of V , Z, p required. 

The result obtained is simply,— 

'' a velocity-parabola agreeing only pretty closely with the observations". 

[This method was nsed for finding the parabolic elements in the 1874-5 Report, 
Art 60]. 

8d. Method i viuafif^fffry.— The unsatisfactory part of this process is that 
there is no evidence whatever that the result obtained is the closest that could be got, 
that is the best obtainable from the data. If the result aimed was merely to obtain 
a curve agreeing nearly with tbe observations — and not to discuss the dependence of 
Z and p on the *< External Conditions"— tAia end will have been attained sufficiently 
for all practical purposes. 

But inasmuch as the Ql>servation-errors (»'.«., errors in the Average valnes) are of 
the same order as the second differences of the velocities on which Z, p depend, the 
prohability is very great that the values of Z^ p thus ohtained are downright bad 
approximations. Moderate changes in Z, and large changes in p, will affect the final 
test (the comparison of the calculated velocities with the original velocity-measure- 
ments) in a quite trifling degree, so that the apparent close agreement in this final 
test (which is in fact certain to result) is no proof whatever that good values of Z,p 
have been found. 

Thus, if it be proposed to discuss the dependence of Z and p on the *< External 
Oonditions ", it is absolutely essential to any useful discussion to use a process which 
shall give values of Z, p which are either really good approximations, or at any rate 
the best obtainable from the (necessarily impexfect) data. 

The only merit of this process of ** trial and error " is its Comparative ease. 

[The velocity-parabola of the Mississippi Beport were all obtained in this way, 
(iee Report, pp. 233, 234,} as were also those of the Bazin Experiments (p. 228, et 
eeq.), and it is a most serious drawback to the value of their conclusions— not as to 
the fair agreement of the parabolas with the observation-curves, (which is of course 
pretty close,) but— as to the dependence of Z and p on the ''External (Conditions". 
The probability of large error in the latter is very great. Indeed it is said by one of 
the critics of the Mississippi Results (Dr. Hagen, Wasserbankunst, Fart II, Die 
Strome, p. 291, Vol. I) that ** it is 30 billions to 1 against the formula truly expres- 
sing any single vertical curve "]. 

3e. Method ii. By Method of Least 5^iiare<.— The advantage of this Method 
is that the parabola, and therefore also the parabolic elements Z, V, p which it gives, 
are most probably {though not certainly) the best which can be obtained from the data, 
• and that it further gives the *' probable error" of each of the quantities Z, V, p, thus 
affording a measure qf confidenee in the Results. The disadvantage of this Method 
is the labor of its application. To establish any degree of confidence, however, in the 
resulting values of Z,p however, it seems essential to employ it : and it rtas accord' 
ingly adopted in preparing the Results in this Work. 
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4. Weights of velocity-meaBarement8.^It has been explained that 
the data (the average yelocitj-measarements) are by no means equally 
reliable at all depths, as the Instrament from which they were obtained 
(the Doable-Float) decreases in efficiency (Ch. IX, 9) with increase of 
depth of the Sab-Float. It is desirable, therefore, to make allowance 
for this in sach a way that the results shall depend on the observations 
in some way in proportion to their precision. 

This was done by assigning weights to the observations decreasing 
with the depth below the surface, viz., by assigning the weight 1 to the 
observation at the greatest depth, the weight 2 to that next above, 8 to 
the next higher, and so on, so that if n be the (number of feet of depth 
in the) greatest depth at which an observation was made, the weights 
(g^) of the observed data at the several depths (t) are taken as — 
Depths (ff) below sarface, (in feet), 0, 1, 2, 8, ...••....«....«•..»- 2, n-l,4». 
Weights (ffz) of vely.-measurements, »+ 1, «, n - 1, » - 2, ...(n + 1 - «)... 3, 2, 1. 

6. Host Probable Parabola. — It is proposed to style the particular 
curve and the elements Z, Y, p of the same resulting from the applica- 
tion of the " Method of Least Squares " — for shortness' sake — by the 
names Most Probablb Pababola, Most Pbobable Pababolio Ele- 

MBNTS. 

The labor of this Method is always very great: but in the present 
case, from the velocity-measurements having been always effected at the 
depths 0, 1', 2', 8', &c., (always simple integer numbers,) the labor is far 
less than it would otherwise be, and a great deal of that labor may be 
done once for all, and presented in a form immediately available Jor future 
nmilar cases. It seems, therefore, well worth while publishing these 
results, and an outline of the steps leading up to them. 

[This oceapies Art 5a— 6a. The Reader who is not interested in the development 
of the formnln is recommended to omit these Articles, except Art. 5c]. 

6a. Moat probable parabolic elements,— The equation (2) of the velocity- 

parabola before given, is inconvenient for the application of the Method of Least 
Sqnares, in consequence of involving the product (^V) and square (Z*) of some of 
the sought quantities. It may, however, by obvious transformations, be written in 
the form 

which is convenient for the purpose, in consequence of the new quantities sought 
(viz., A, B, C) being involved only in the first degree. It is required then to deter- 
mine the meet probable values* of these new parabolic elements A, B, C by the 

* ThA whole of the Vcarmalm tad Besolti of Art. fla to hare bean checked bj Lteut. J« E.G. 
Banison, E.X. The nomerioal work hH been further verified by a skilled oompater. 
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Method of Least SqaareSi These haying been so fonnd, those of Z, V, p may be 
fonnd from them as follows :— 
The fundamental equation (6) may, by obvions redactions, be written 

(a - g) - «= . C (. + ^)\ (6.). 

bjr onnparing which iritfa the primary fomi (2), it is at once seen that— 

1 

"=-•0 - -"■ 



--?c 



5A+ IBZ,. 



..(7^, 
..(7c), 



from which resnlts p^ Z, V may be calculated, when A, B, C have been fonnd« 

5b. Calculation o/* A, B, C— The notation and terminology of this and sncceed- 
ing Articles is the same as that used in Mansfield Merriman's *' Elements of the 
Method of Least Sqnares ", Art 88 to 87, to which reference should be made for the 
rationale of the process. 

Attaching for distinctness the subscript « to the symbol v to indicate the velocity 
(thus Vz) at depth «, the equation of the velocity-parabola is 

», = A + B« + C*«, (6, W#), 

in which the most probable values of A, B, C are required. 

The data are the (» + 1) known velocity-measurements V^Vi, v^ Vn at the 

several depths 0, 1, 2, ^ n feet, with.weights (n + 1), n, (n - 1) • ••• 1 

respectively, (Art 4.) 
Substituting these values of ih, and s into the fundamental equation (6) 
A + 0.B + 0VC = »o1 
A+ 1.B + l«.0 = »i 
A + 2.B + 2«.C = »j ! are the (n + 1) "observation equations" of different 

Mt + ... + «.. =... I weighti, .„ (8), 

••• + ••• + ••• !=s ••• I 
A + n.B + n». C = t7aJ 
Multiplying each equation by the square root of the weight of the velocity-measnre- 
ment (v,) in question — 

y/n.V.Css ^n.Vi 

"reduc- 
^equa- HSa\ 
tions" 
of equal 
weight, 



V»+l.A+ 


^/«+1.0.B + 


^/».A+ 


^/n.l.B+ 


Vn-1.A+ 


V'»-1.2.B + 


... + 


• M ••• + 



V2.A+ v'3.(»-l).B+ v'2.(«-l)«.C= v'2.ra-i 
VI. A+ vl«».B+ i^l.n'.Os <^l.»n. 

It is now convenient to introduce three new symbols L, M, N as abbreviations for 

the following quantities in which the symbol Sq" indicates a summation with respect 

to f from s s to f =:n, viz.— 
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To find the ** normal eqoations ", proceed as follows :— 

** Mnldplj each equation by the coefft of A therein, (t.e.y the sth hj V»-»-l-0» 
•ndadd", — ^^ ^ -..-^ ^ (A). 

" Multiply each equation by the coefft. of B therein,(i*e., the «th by V* + l-« • «)f 

and add", ^ ^ ^ (B), 

** Multiplyeach equation by the coefft of C tberein,(j.0.,thesth by V» + 1 - s . 0» 

and add", ^ ^ _ ^..(C). 

The results are the required "normal equations ", Tii. — 
2o' (» +1-0 .A + 2/ (w+ l-« . «).B+V(*»+l-«.0-CJ = L, (lOL), 
Do' (n + l-«. «) . A + V (n + l-«. ««).B+ 2o" (« + !-«. a»). C =M,(10M), 
2o''(n+l-«.««).A+2/(» + l-«.f»).B + V(» + l-«.«')-C=N.(10N;, 
from which the values of A, B, are to be calculated. 

It will be obsenred that the co-efficients of A, B, C depend only on the numlers 
fi, «, and not on the obserrations (v^) themselyes, and also that the co-efficients which 
multiply f^ in the three expressions L, M, N depend only on the numberg n, «, and 
not on the obserrations themselves. These quantities may therefore be calculated 
once for all : they are given in Abstr. Tab. 5 for all values of n from n = 3 to a == 10. 
[The number n = 3 is the lowest for which these formulas could be required, and 
the number n = 10 is the highest required in the present Experiments]. 

The middle portion of the Table will facilitate the calculation of the quantities 
L, M, N (which alone involve the velocity-measurements), and the upper portion 
will enable the left hand side of the three ^ normal equations " (lOL, M, N) to be 
written down hy inspection. 

But inasmuch as the co-efficients of A, B, C do not involve the observation-quan- 
tities (p)f the actual ioluUon also of the equations may be effected once for olf, so as 
to exhibit the values of A, B, C explicitly in terms of L, M, N. 
The solutions must necessarily take the following fonn :— 

. X1L■^fi^M^^y|y Mi + fi^M+t^ p _ X,L4-/*3M4-y,N 

A= ; Bss -= jl/ «=5 All;* 

a p 7 

where the new symbols X„ nifVya ; X,, /%» v^i/S ; X„fi„ Vj, y are simply numerical 

co-efficients depending solely on tiie known co-efficients of A, B, C given in Tab. 5, 

i. «., solely on tiie value of n, and may therefore be worked out once for all. Their 

values are given in the lower portion of Tab. 5, together with some additional 

quantities explained below. 

The most probable values of A, B, C are given then by the Results (11) with the 

help of the Results in the lower portion of Tab. 5. 

[To determine the most probable parabola in any future case then in which n does 

not exceed 10, is thus reduced to eimple arithmetical 'wotYj viz. — 

8tsp L Calculate L, M, N from Eq. (9) with help of middle portion of Tab. S. 

Step XL Calculate A, B, C from Eq. (11), with help of lower portion of 

Tab. 5]. 

These having been found, it remains only to calculate Z, V, p from Besolto (7o> 

b, e), and the Most Frobable Parabola is completely determined]. 
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6q. AppHeaGon^^Th^ parabolio elements (A, B, C) haying been etlenlated aa 
above, tbe next Step ia to caloklate the Telodtyordinatea (VsO thereof from the fun- 
damental formula (6)^ 

Of SBS A ^ jSa *r v/' y •••••■•••#•• ^•■•••••••••••••••••(IZ^y 

for all the depths (a s to a s n) of Telodty-meaBorement. It ia convenient to 
use the foUomog notation :— 

Ck' a calcalated velocity-ordinate at depth a. 

pg = actual Tolocity-measarement at depth a. 
It remains to write down all the Discrepancies between the measured and cal« 
culated values, i.e., the differences (c, — vO. If these Discrepancies, technically termed 
Besiduals, be all small quantities, this will be fair evidence that the Observation-curve 
is really approximately a parabola, and the smallneas of these Discrepancies will be 
a measure of the degree of approximation to a parabola. 

6. Probable Errors.— ^« Method of Least Squares gpives also the means of 
calculating the ** probable errors "of the Results. The labor of the calculation is 
considerable, but as it is the only means of giving a measure of confidence in the jRe- 
eults, it is well worth undertaldng. And here again a good deal of the preliminary 
work can be done once for all. The following notation of Merrlman'a ** Method of 
Least Squares *' will be used :— 

g^ = weight of velocity-measurement Vs> (given in Art 4.) 

G„ Gb, Oc = weighte of A, B, C. 

r. = probable error of calculated velodty-ordinate (v.'). 

R», Rb, Re = probable Errors of A , B, 0. 

B,, Rf, Bp = probable errors of Z, V, p. 
Then {see Least Squares, Art SB), with notation of Art 4, 5^,6-^ 

Gg ss -r— I Gb ^— ■"""> Go ^s """^ ••««•••••••••.••••••♦•*••• •.••*••••. (13). 

A| /«2 yj 

n = '6745y ^^»(g^-«^')* (14a). 

Ti ^ r, -t- V^. -^ ' Uh). 

K»=r, -J-VgT, Rb = »'i-T- VG^» Rc = ri^VGr, (14c). 

Now the values of Ga, Gb, Ge and also their square roots obviously admit of com- 
putation once for all : they will he found in the lower portion of Tab. 5* Hence 
the probable errors (r^) of the several calculated velocity-ordinates (v.'), and also 
ftoee (R«, Rb, Re) of the parabolic elements A, B, O may be at once found from Re- 
sults (145, c), when the siugle quantity f] has been calculated, by simply dividing rj by 
the square roots of the several weights (^, and G«, Gb, Ge) which are all known. 

The quantity r, is the only one requiring special calculation in each particular case. 
Calculate the value of the quantity — 

I Sum of products of squares of Residuals (i^ — Vz*) multi* 
^ 9% (Pz - Vi'}' = \ plied by their respective weights (^s), from surface (a = 0) 

' to bed (a = n). 
The calculation of the Residuals (i^ — v^ has been already explained in Art 5o. 
The value of r^ is then at once found from Result (14a). 

' 6a. Probable Errors of ^> '^^ p.— The quantities Z, V, p are given as func- 
tions of A, B, by the Results (Ta, h, c) of Art 5a. It is shown in Art 22 of 
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Appendix to VoL n of Chaorenet's Practical Astronomj, that if B be the probable 
error sought of a quantity X, which is given as a function of the quantities a', «*,«", 
whose probable enors R', K* R'" are known, then 

«•=(©•«' * (S-U-- (Sd*-^'^r -(»«)• 

Applying this Rale, and differentiating the expressions for Z, Y^p given in Art. 
5a with respect to A, B, 0— 

To find Bp, we have ^ = ^ = p«. 

/. Bp = ± ^ Be = ± p«. Re , (16a). 

TofindB^wehavej5=^, 3C=2C' 



,.(16J). 



••.B.= ±~./Bb« + g-Be«=Tp.N/iKb» + Z«.Ke- 

Tofind B.,wehaveg^l> g^ -.^^Z, ^ = \'^.==2,. 

.•.R,= db/Ba»+ l.^*(Rb«+ ii*.Be«) = ±N/Ra«+ Z«.(Bb«+ Z».Re«)..(16<>). 

The probable errors of p, Z, V may then be calculated by the formuln (16a, (^e), 
• when the probable errors (R«, Bb, Re) of A, B, C are known. 

7. Present Work* Vblocitt-Paraboljs.— The formnlsB just developed have 
been applied to 45 (out of the 46) of the Average Velocity-Curves of these Experiments 
(i. e,f to all but one, PI. XIII, Ser. 10, which was considered too ^irregular). The re- 
sulting Velocity-ParabolA are accordingly most probably the bestf ohtainalle/rom the 
data. The Besults are exhibited both in the Tables and Diagrams : thus— 
See foot of each Series in Tab. VII— XXym. 
Line v shows the Average Velocities (r,) of observation. 
Line v' shows the Calculated Velocity-ordinatcs (pi). 
Line A shows the Discrepancies (v. — t^'). 
Both values (r., fs*) are figured on the Diagrams (PI. XII— XVIII), also— 
The Observation-Curve is shown by a clear black line. 
The Velocity-Parabola is shown by a dotted line. 

The position of the max. velocity line is defined by arrows indicating its two ends. 
From the smallness of the Discrepancies in the numerous (45) Curves of these 
Bxperiments, as shown in both the Tables and Diagrams— 
Tahlet-^hj the small values of (v^ — Vz), 
JHagraTns^hy the pretty close coincidence of the two Curves, 
and taking into consideration the similar close accordance in the Mississippi- and 
Daicy-Bazin Besults, the Conclusion may be fairly drawn, that it is a general law of 
fluid motion (in open channels in long uniform reaches) that— 

• The Irzegnlarity of this Carve probably renilta from the poomen of the approximation to 
Average YelocitieB. this Series (No. 10) oontainlng only 2 Sets. 

t The velodty-poraboto Ser. 1, S, 4, IS, PI. ZI£, xm of this Work*-oompated as above^all lie 
eloiw to the Obeervatloxi-Garvee thna those obtsined by Method i for the same Observation-CDrvei 
in the 1874-76 Beport» («<f Ser. 14B, I SB, lOB, 12B and PI. VIU of that Work). 
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<*T1i6 Ayenig;e Vertical Velocity-Corre approximates in general closely to a 

common parabola with a horizontal axis", - « (17), 

except of course on verticals which are exceptionally sitaaie, e,g.t close to a margin of 
irregnlar figmre (je.g., Ser. 44—46, PL XVIII). The degree of the approximation (in 
the present Experiments) is also obvionslj pretty close in general. It will be noticed 
that the Discrepancies (in both the Tables and Diagrams) are generally mnch the 
largest near the bed : this is of conrse dne to the tmcdl weights astigned (Art. 4) to 
the velodty-measnrements near the bed, the effect of which is that the resulting 
Carre necessarily lies closest to the upper part of the Obseryation-Canre. 

[The general close agreement cannot be taken as any proof of a close approxima- 
tion to the yalnes of Z and p, which define the position and size of the parabola]. 

7a. Exceptional Ca<M.— The three Conres, Ser. 44, 45, 46, PI. XVIII, npon the 
exceptionally sitnate vertical shown in the Cross-section, could not of conrse be 
expected to resemble parabols. The water flowing past this vertical must obvionsly 
meet with very different lateral resistance from the upper and lower parts of the flight 
of steps close by ; which are at very different distances from the vertical in qnestion. 
The Obsbbyation-Cubyes show by their shape, that— 

'* The Resistance increases rapidly and pretty regularly from the Surface down- 
wards as the steps approach closer to the vertical in question : throughout this 

region the Curves are pretty regular", ,.«. (18a)i 

** The Resistance does not increase markedly below the level of the lowest step, 
where the vertical in question is everywhere vety close to the 4' drop-wall : and 
these is a marked discontinuity in the curves at the level (of the lowest step) at 

which the change of figure of the Resisting Border occurs ", ^ (186)* 

The Velocity-Parabolas on this vertical have accordingly been calculated only 
from the veheity-meaturemenU alove the lowest step, and may be seen to agree pretty 
closely with the Observation-(Mrve above that lerel : it was not thought worth while 
prolonging them below that level. 

7b. Present Work, Pababolio Elements, (Abstr. Tab. 8, 4).— The Paba- 
BOLic Elements ( A, B, C, Z, V, p) of the Most Pbobablb Paraboljb having 
been calculated for the 46 selected Average Vertical Velocity-Curves by the formulm 
above developed, are most prohahly the best obtainable Jroai the data. The Prob- 
able Errors (R«,Rbi Rci Rs* Rti Kp) have also been calculated from the formulas given: 
these show the measure of the confidence that can be placed in the approximation 
obtained to the parabolic elements. 

The values of Z, y,p (which alone 'possess any geometric interest) are shown in 
Col. 11 of Abstr. Tab. 3^ 4, with their probable errors R., Rr, Rp printed (in old 

Z V o 

brevier type) beneath them, thus t» ^ n 

It will be seen that — 

1^ " The probable error (R,) of V is generally small, (seldom exceeding a few 
hundredths of a foot per second.) " (19a). 

* It baa not been tbongbt worth while to pDblish the valaee of A» B, which are merely aasiliary 
qiuntltlei (of no geometric Interest) introdnced to facilitate the application of the Method of Least 

2 b 
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[In two caaes, Ser. 29, 30, it amonntB to •12, '15 respectively : tfaeae Series were 
Teiy difficult of execution, from the clooeness of the vertical of Experiment to the 
bank, (PI. XVI)]. 

2». « The probable error (B.) of Z iafrepuntly by no meant mall V.-.(19*). 

[The quantity B. must not of coarse be compared with Z itself, bat with the foil 
depth (H)]. 

8". «* The probable error (Bp) of p is frequent^ very htrge'\ (19^). 

The large size of the probable errors of Z and p is of coarse doe to the flatness of 
the Carres, as expUined in Art. 1 ; and points to the Conclusion that— 

''The data (velocitj-measnrements) do not admit of the determination of the 

position and size of the Velocity-Parabola with any closeness", (20). 

[The position of the Curve is defined by the value of Z, which fixes the depth of 
axis and the size of the Curve by the value of pj. 

[The labor involved in this calculation was very great. The computation occupied 
three computers, — viz., the author himself (by whom most of the original work was 
done) and his two Assistants, even with the aid of 8 Crelle's Multiplication Tables 
and two Arithmometers— continuotM/yyor upwarde of a month'], 

8. Vertical CofveB, Abstract Bbsults, (Tab. 8, 4, & PL XXI, XXII).— 
The Abstract Tables 3, 4 show the principal velocities* (V, Vo, v^^, U, Va, t(, v^), 
the Surface-Fall (F], Fj, F,) in Upper, Middle, and Lower Sub-Reach, the Average 
Wind, and the parabolic elements (V, Z,p, and ( = Z -r H), for each of the 46 Vertical 
Velocity-Curves (with a few omissions only, e,ff., Ser. 2 & 10). A thorough exami- 
nation of these Tables will show that all the primary quantities (velocities and 
parabolic elements) vary in tome very complex manner partly with the depth, partly 
with the Surface-Fall, &c. This examination is, however, much more easily conducted 
with the aid of Diagrams. PL XXI, XXII have been constructed to facilitate this 
for the case of the 28 Curves (Ser. 1^28) on Central Verticals, viz.— 

PL XXI, Ser. 1—20, of SoUnf Twinf Aqueducts. 
PL XXII, Ser. 21—28, of SoUnf Embankment. 

For each Vertical Velocity-Curve the principal velocities* (V, v^, v^^^ U, «), the 
Surface-Falls (F], Fj, F,) in the Upper, Middle and Lower Sub-Reach, and the para- 
bolic elements (V, Z, />, Z), have all been plotted (with a few omissions only, e.y,, 
Ser. 2 & 10) as ordinatet to the Depths on Vertical (H) taken as abscissa. The 
average Wind for each Curve has been plotted as explained in Ch. V, 21d. Thus all 
the Results of any one Series aito plotted on one ordinate, 

[The discussion, as far as concerns primary velocities, has already been given in 
part in Ch. X, 15, and will be continued in Chap. XIV, 11. The discussion below 
concerns the parabolic elements only]. 

9. Parabnlio formula for p.— Writing 2 = 0, « = H, (and therefore v = v„ 
v = vh ) successively in the fundamental expression, £q. (2), for p ;— 

• With ezoeptlon of Y, these are all the experimental ralnee ; the valne of Y alone is that of the 
moat probable parabola : ue alao explanation at head of each Table. 

t The ilmilarlty of oroee-iection of the two Solini Aqn^doct Sites ia so great, that it ■ecmed ad- 
▼isable to plot their Bemlta together on PI. ZZI. The Retnlta for the two Sites are easily distin- 
golahed, by the diflerenoe of thick and thin ordinatei for the Left and Right Aqnedoct reqi^ettvely. 
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P — y _ j^ » or— y ^ ) ••«•••.•••» ••(21a)y 

1 BP 

= T2 • ^ij > (thia will be ahown in Ch. XIV, 9f, (46)), (2U). 

In whatever way therefore p may be actually compnted, its Talae dependa— for a 
given depth of water (H) — only on the difference (v^^ - U). Now thia difference ia 
naoally Tery small, iiee Abstr. Tab. g, 4») ao that a minate error in the deter- 
mination of <m« of the primary qnantitiea (v^^, U) is liable to affect the valae of p 
enormoasly, a difficalty inherent in the inyestigation. For this reason none of these 
expressions will suffice for the original computation of p, without slight alterationa 
in the yalues of the primary Telocity-data, (similar to those explained under Art 8, 
et teq,, Methods i and ii,) such as will make the whole of them approximate closely 
to aome parabola. 

[This is well shown in Abstr. Tab. 7f wherein the value of the quantity 
•j^ H* -7- ("iH " ^) calcinated from the unadjvsted valuee of r^^, U, {.«., from the 
Average Yelocity-measurementa themselves, is tabulated for each of the 27 central 
vertical velocity-parabolse (Ser. 1 — 28, omitting Ser. 10) for compariaon with the 
parameter (p) itsell The disagreement will be seen to be extreme. Some of the 
**unadjustedvalues"of (0.2-U) are indeed negative (Ser. 9,21) — an impossible 
condition in a real parabola— thus giving negative (impossible) values to the para- 
meter. In fact the computation ought of course to be done with the ** adjusted '' 
(in this case the *' most probable ") values of 17. g, U], 

9a, ParaboUe FomnUa for Z.— From the equation (4) of the curve, 

Z = 4« - (t'p - t^) • ^, in general, (22). 

Writing a = ^H, JH, |H, H, (and tiierefore v =v^^^ v^^ v^^. r^^ 
ancceasively in this, there result— 

^ = 2:5?8 ^-(^-"Wa)- ^' or=lH.(ro-«»H).^. (22a), 

= iH-(»o-»,H)m' o'=*°-(»o-»h).^ (22J). 

also, Z= jH-(»o- U). ^, (as will appear in Ch. XIV, 9, (16)), (22c). 

2 

Multiplying (22«) by — r- , and subtracting (22^), there results after reduction 

^=2^8 • ^»iV8 " ^) • "S" 

Agun, substituting tiie value of |» = tk H* -^ (v^h- XT) in % i^^h 

^■" r^,-U -4(2^8-8) ^^^^^' 

which ia perhaps the simpleat expression (not involving the other parabolic elementa 
f , V) that can be found for Z. This shows that the value of Z for a given depth 
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of water (H) depends— Id wbaterer way it may be actnallj delennined— essentiallj 
on the ratio of the two small differences (v^^j - U) : (9^^-17), and is therefore 
difficnlt to determine accurately, inasmnch as a very small error in any one of the 
Tdocity-measuremenfcB (v^h^s* *^4h. ^^ ^^^ largely affect the Talne of Z, 

[For this reason, neither this expression, nor indeed any of the preceding, snffice 
for the original compntation of Z, without slight alterations in the values of the 
primary velocity-data, similar to those explained in Art 8c, <2, q.v. In fact the 
"most probable values " of the veIocity'>ordinates ought to be used]. 

From the above it may be inferred that— 

Z < = > JH, when i»o > = < v^k, (23a). 

< = > |H, when rp > = < r|H, orU^ (28*). 

< = > 4H, when r^ > = < va, « ......(23c). 

is +, or - , whcnr,g^j> < U, ^(2Sd). 

Also since (p^ is usually the leatt of the velocities past each vertical, (Ch. X, 8,) 
and also v^ > U in nearly all of the Average Chirves on verticals at or near mid- 
channel (Ser. 1—28 & 35—39, Tab. 8, 4) it follows thatr— 

Z < iH, in general, for all verticals, •« (24a). 

Z < iH, in general, on verticals at or near mid-channel,% -...•.••. (246). 

The above Results (23—24) deduced from the properties of the parabola, are fully 
borne out by the Experiments, (««« Abstr. Tab. 8^ 4)- 

10. Parabolic Elements, Variation. — The tracing of tlie depen- 
dence of the two qaantities Z and p (which determine the position and 
size of the yelocity-parabola) upon the External Conditions, snch as 
depth (H) on the vertical , position of yertical, snrface-slope (S\ state 
of wind, (&c., has always been a subject of great scientific interest. 

Bat the impossibility of accurate determination (Result (20)) of the 
quantities Z, p themselyes must obviously render all attempts to trace 
the law of their dependence on the External Conditions extremely un- 
certain. 

[Attempts have been made to assign these laws in the Mississippi and Basin 
Experts. Beports, and apparently successfully : but the nature of the evidence of the 
laws assigned is not really good in either case. It amounts in both cases shortly to 
this— 

A few velodty-parabolsB were deduced by Method i^ Art. 8c, from a few selected 
Observation-Curyea. The ralues of Z, p so obtained for these selected curves may be 
said to be independent of any hypothesis as to the dependence of Z, p on the Exter- 
nal Conditions. From these few values of Z, p as data, algebraic expressions were 
obtained by trial, expressing Z, p m functions of the External Conditions . H, S, 
ftc) So far there is no tett of the truth of these expressions. 

The next step was to calculate the values of Z, p directly from these assumed for* 
mnhe for the whole of the Observation-Ciirves available, and then with these assomed 
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Tslaesof Z,|y to calculate the Telocity-ordinates (pt) for eyery point of Telodty-* 
measurement (px) in the Obserration-Corves. 

The ultimate test was to examine the Discrepancies (pt — Pz*). If these were 
generally small, it seems to have been assumed that this was a sufficient test of the 
form of the expressions originallj assigned for Z, p. 

But the fact is this Test is quite inadequate. For, as already noticed (Art. 8d), 

considerable changes in the value of Z, and large changes in the value of p, will not 

materially affect the values of the differences (Vi - VsOi which amounts to saying that— 

<' Almost any algebraic expression which will give the values of Z roughly, and the 

values of p even very roughly, will very likely stand this Test equally well ",••.(25), 
or in other words, the Test is quite inadequate to the purpose]. 

The only adequate mode of this research appears to be to calcnlate the 
yalaes of all the parabolic elements (Z, Y, p) independently from the 
vehcity-data of every Observation- Curve available, (or at any rate from a 
great many Observation-Carves,) so that these valaes of Z, Y, p may be 
in each case independent oj each other. An attempt must then be made to 
find algebraic expressions which shall express Z, Y,|> as functions of the 
External Conditions (H, S, &c.), and satisfy nearly all these independent 
yalaes. The delicacy of the investigation is such that the only hopeful 
way of conducting it appears to be to use the best values of Z, Y^ p ob- 
tainable from the data, i.e,, the Most Probable Yalues. 

[It was chiefly from a conviction of this that the great labor of application of the 
Aethod of Least Squares was undertaken for the present Results]. 

The cause of the depression of the maximum velocity line has given 
rise to so much discussion, that it seems worth while devoting a separate 
chapter (Gh. XI) to it : the variation of the maximum velocity (Y) is not 
worth* separate discussion : the variation of the parameter (p) alone will 
be taken up in this Chapter. 

11. Parameter-variation.— The expressions proposed in the Missis- 
sippi and Bazin Experiments Works will be discussed first; these 
expressions and various modifications thereof will then be tested by 
application to the present Experiments. This occupies the rest of this 
Chapter. 

11a. MUiiisippi Beport, Parameter (Report, p. 297).— The Equation of the 
velodty-parabola is written in the following form, wherein the notation has been 
changed to suit the present work :— 



v-. = V^^^' 



.(26a), 



• The ease being BUflloiciitlj met (Oh. X, 10, it ZIV, 1 1) in the dlscoHion of variation of Mean 
Velodty part a Tertical. 
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.(26J), 



wheraiii V ^ ^'Otok rtiodtj thioagh whole crou-Mctioiif 

]*69 
B = ■ , . , or =s •1856 when H > 80 feet, .., 

Comparing this with the fonn (Eq. (2), Art 2) naed in this Work, it is seen that 
the expression proposed for the parameter is— 



P = 






..(26.J). 



This Result depends really on the following evidence (Miss. Report, pp. 248—251). 
The general cqnation [Bq. (26a) above] was "applied to all the original curves of 
observation* as first deduced hj combining all observations where the depth was the 
same", with an assumed constant value of /3 O = •1856) ; and afterwards to three 
additional curves (one original, and two extracted from Boileau's Experiments on 
wooden canals) with values of fi specially calculated to suit them (pp. 251—2 
The principal data of these 14 cnrves are shown in the Table below. 





Stxp L Blivxh CuBvm. 


8TKP n. 

THBBB CUBTW. 




High Water. 


Low Water. 


Medinm Stage. 


2S0 


§1 

i 

250 


258 




Beforeaoe to Page of 
MiaslHlppi Beport, 


CairoUton. 
348 


Garronton and 
S49 


! 

U9 


YiokSbarg. 

to 


Wooden 

Canals 

(BoUean). 

160,261 


Totaldepth(H)... 
Number (») of ve- 
locity ordinates,.. 
Greatest velocity, . 
Bange of velocities, 


110' 

4 


70' 

5 

.21 


55' 

5 

2.90 

.13 


100' 

15 
1.97 
.33 


80' 

13 

S.43 

•40 


60' 

)0 

3.39 

.33 


65' 

6 

4.19 

.21 


75' 
5 


55' 

6 

4-5« 
.56 


27' 

5 

6.5a 

•50 


27' 

5 

.Vas 
.10 


7M 

n 

.55 


r.09 

15 

2.86 

.92 


0'.62 

13 

24>2 

.48 


Value of /3 used,.. 


.1856 


.58 


1-10 


l-OT 



These curves certainly comprise an immense range of " External Conditions", both 
of depth (H varies from 0'-62 to 110'), and of velodty (the greatest velocity-measure- 
ment varies from l*-97 to 7'-54 per second). Several of the first eleven curves are, 
however, not well suited to the purpose from their excessive flatness, which in- 
volves in all probability a very poor approximation to p. 

[The flatness of these curves is so great— as may be seen by comparing the differ- 
ences between the greatest and least velocity-measurements (given in last line but one 
of Table above) which are seen to be very small compared with the depths which are 
all yery large— that if plotted to same horizontal and vertical scales— keeping to the 
Qtfits (feet and seconds) given— the curvature would be quite inappreciable to the eye]. 
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The eyidence as to the closeness of the approximation to the valaes of fi (and 
therefore also of p) is really solelj of the kind described in Art. 10, yis.— 

With ** trial Talaes *' of Z and V assumed hj inspection of the plotted fignre of 
the ohservation-cnrve, and with the assumed ralae of fi {see Table aboye), and with 
raloes of V (independentlj obtained), the relecitj-ordinates (fk*) were calculated from 
the general equation (26a) for all the depths («) of yelocity-measurement for com- 
parison yrith the yelocitj-measnrements (o.), and the differences or Discrepancies 
(Vs-«/) taken out These Discrepancies (pt - Vt') are shown (see the Tables on 
pp. 248 to 251 of Miss. Report) to be all yeiy small quantities for all the fourteen 
cnrye8,and reliance is apparently (p. 250, i^.) placed on the smallness of these quan- 
tities as proof of the " truth of the formula " itself. But as explained in Art 8d 
this is good eyidence only of the general approximation of the obseryation*cnryes to 
a common parabola, and not of the goodness of the approximation to the yalnes of 
fi or p, because a large yariation in p would only slightly affect the small discrepan- 
cies (r, - »/). 

Moreoyer,it will be seen that (although there were fourteen sets of data ayailable) 
only four Independent yalues of fi were obtained ; so that the somewhat complex ex- 
pression (26b) for p, and therefore also that for p, rests on only four data, an altogether 
insufficient number. 

lib. BaHn ExpU., Parameter.—ln the original work (Bazin Expts. 1865) the 
parabolic form of Vertical Velocity-Cunre was proposed only for the case when the 
maximum yelocity is at the surface : and for this case the equation of the yelocity- 
parabola was written C Bazin Expts., p. 228) in the following form, wherein the nota- 
tion has been changed to suit the present work : — 

V - » = K . VSS . (-g-) , (when Z = 0), (27a), 

wherein S = surface-slope, 

E= constant = 20 for metric measures, or 36*2 for English feet,.. ..(27^). 
In a later Essay (" Discussion, &c.," p. 813) this was modified to suit the (far more 
Gonmion) case of the maximum yelocity being below the Surface into the following 
form, the notation being changed as before — 

V - r = K VM. (g-E-i)'» - (27<^)- 

Comparing this with the form Eq. (2) of Art 2 used in this Work, it is dear that 
the later expression for the parameter proposed is 

P=^^^^ (27i). 

*^ K VHS 

This result rests on the following eyidence, (see " Discussion *\ pp. 818 — 826). 
The general equation (27a) aboye is applied to the following curyes :-^ 
15 of the small scale Bazin Experiments, (on canals of 6'*5 wide.) 
12 of yarious Experimenters on European Riyers of moderate size. 
11 ftom the Mississippi Report, and 20 from the Lrawaddi Report 
Its application to the 81 curyes taken from the Mississippi and Irrawaddi Reports 
fails utterly, so that this eyidence is ervtireljf against the truth of the expression, 
(27^. 
TThis failure is ascribed partly to inaccnraey in the MissiMippi and Inrawaddi 
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Experiments dne to the Dse of the Double-Float ; and partly (in the case of the 
former) to the mode of combination (of donbtfol legitimacy) of SSTS into Sbbiss 
used («M ''Dtscosaion, &c./' p. 347)]. 

The application is made hj a preliminary modification of the general eqnation (270) 
to the obviondy eqairalent form, more conyenient for his system of graphic delin- 
eation, 

V-» /H-Zv« ^ /«-Zx« 

VM • (-H-) = K . (^g-) (270. 

This may be written in the shorter forrn^ 

y' = K.*'*, (2^), 

by introducing the abbreviations— 

V-» /H-Z.i , «.Z 

^ = v3f • (~H-) •'=-!:- - (27^> 

The ralnes of the quantities «', y' are then calculated for each curve (from the ob- 
servations) for all the depths (c) of velocity-measurement ; and these values of y' are 
then plotted as ordinatcs to the corresponding values of g* taken as abscissa, thereby 
giving rise to a sort of modified *< observation-curve ". 

The parabola whose equation is Y= KX* is also plotted to the same axes, giving 
to E the constant value E = 20 in metric measures (= 36*2 for English feet). The 
observation-curves just plotted are found in the case of the first 27 curves to coincide 
tolerably closely with the parabola Y = EX', or in other words, the Discrepancies 
(y' -T) between the ordinatesof the observation-curve, and parabola are all tolerably 
small quantities. Thus the evidence as to the closeness of the approximation to p is 
solely of the kind described in Art. 10, and is therefore not good evidence as to the 
closeness of the approximation to p. And such as it is, it accords only with the 15 
Experiments on the small Canals, and the 12 on moderate sized Rivers, bat fails with 
an the 81 cases on the large Rivers. 

lie. yew Tridlrparameters.—li can be seen at a glance from Abstr. Tab. g, 4, 
which show the numerical values of the parameter (p), for each of the 45 Vertical 
Velocity-Curves, and also from PL XXI, XXII wherein the parameters (p) are 
shown (for the case of central verticals only) as ordinates to the depth on each 
vertical taken for abcisse, (the curve of p being shown by a chain-dotted line) 
that— 

"The value of the parameter {p) increases on the whole rapidly on anyone 

vertical with the depth (H) on that ycrtical ", (49). 

The Tables and Plates also both show — by the irregularity of the parameter-curve 
— that the parameter depends in an important way on some other elemente than the 
depth alone. 

In consequence of the high theoretical interest of this question, a great many 
attempte were made to find an expression which should fairly represent the para- 
meter, but with very little success. The following expressions were tried, the forms 
of which are suggested by those proposed in the Mississippi and Bazin Experts, 
Reporte :— 

H* H« J[^ (H - Z)« (H^ Zy (H-Z)« 

u' vu' V?B*^ ^ ^' ^ ^ ^' "VW' -u-' v^ 
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[The Missinippi and Bazin exproBsicms are respective!/ H'-t* V^V and (H*Z) 
-£-E VSS: theexpreesionsH'-^ V/9Uand(H - Z)'-^VHF| are the nearest to 
tbeee which the data of the present Experiments afford*]. 

Abstract Table 7 shoirs the Talnes of each of these ezpressionsi and also of p^ 
Bp, Z, H, U, (0|| - U), for all the yelocity-parabola on central rertical. These 
eight expressions are also shown in PI. XXllI plotted as ordinates with the values qf 
p taken as abscissa for each Site separately. This mode of plotting has the advan- 
tage that it wonld show at a glance if any of the expressions tried were either equal 
to jT, or proportional to p, (by the tips of the ordinates lying on a straight line passing 
through the origin,) or even connected with p in any simple manner (by the tips of 
the ordinates lying at any rate in some fairly flowing curve, wholly convex or wholly 
concave to the axis of abscissa). 
A glance at the eight curves will show that— 

Fig, 1. All the curves are pretty regular^ and some of them approximate fairly 
to straight lines through the origin : so that for this Site, it appears that p is 

roughly proportional to each of the quantities— 

(H-Z)«, (H-Z)«-T-VU, (H-Z)»-4-U, (H-Z)>^VHF, 
J^. 2. Most of the curves are eaetremttly irregular : omitting, however, a few 
ordinates, viz., those corresponding to p = 48*0, 79*5, 89*5, the following — 
(H-Z)*, (H-Z)»-^VtJr (H-Z)«-^U, (H-Z)«-j.VHFi 
give tolerably regular curves. 

Fig, 8. All the curves, except those involving (H — Z), are extremely irregular : 
and of these, if the ordinates corresponding to p = 80 5 be omitted, the follow- 
ing, via.— 

(H - Z)«, (H - Z)« ^ Vu, (H - zy -5- Vhf, 

gire tolerably regular curves. 

[In making these comparisons, the amount of ** probable error " (Rp) in the values 
of p must of course be borne in mind : by replotting the Diagrams, changing the 
values of p by amounts within this limit, the regularity of most of the curves could 
be greatly increased. The ** probable errors " Rp are given in Tab. 7 to show what 
great changes ire admissible. 

It will be seen that most of the curves whose ordinates involve (H— Z)* are for all 
three Sites— much more regular than those whose ordinates involve H". It cannot 
however be said that the endeavor to make the value of p depend on (H— Z) (as 
proposed by Mr. Bazin) instead of on H is really a step in advance, because the for- 
mula of Art 9 show that p may be made to depend on (H— Z)* or H' equally well 
by a suitable adjustment of the denominator. The formula of Art. 9, moreover, 
show that any true expression for p must be of the order, 

p = (measure of length)* -f- (velocity), ^ (28a), 

and since velocity may be expressed as ^2gh, wherein h is the only variable, the 
above may also be expressed as — 

p = (measure of length)* -r- (2^ x measure of length)*, (285). 

No expression ni)t of this form can be expected to be aught but an empirical one, 
and therefore only suited to a limited range of data. 

[The Bazin expression is of form (285), but the Mississippi expression is not of 
either of above forms]. 

It might be supposed that since the expression -j^g H*-r (oi^ ~" 1^) &^^ the value 

2 
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of p accvrately, (Art. 9,) so that for a given depth of water (H), p is inTersely 
proportional to (o_ — U), the labor of the calculations of snch quantities as the trial 
expressions for p above proposed might be avoided by endeavoring to trace the de- 
pendence of the quantity (v. ^ — U) on the external conditions. 

It would, however, for the reasons explained in Art 9, be absolutely necessary to 
use the " adjusted values " of v^_, U for this purpose. And, in this case, there might 
perhaps be some advantage in this process. 

It does not seem worth while to pursue this investigation any further : sufficient 
has been done to show the extreme uncertainty of it : it confirms on the whole the 
j>reviou8 Ck>nclu6ion (20) that the data do not admit of the determination of the 
parameter with sufficient accuracy to render the attempt to trace its dependence on the 
External ConditionB a very hop^ul one. 
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CHAPTER XII. 
DEPRESSION OF MAXIMUM VELOCITY. 

Pr^ace^—The sabjeet of this ChApter is chiefly of theoretioal Interest. 

1. Depression of Max. Velocity. — Perhaps one of the best established 
experimental resnlts of modern hydraulics is the depression, as a general 
rule, of the line of Maximum (Average) Velocity below the surface. 
The fcict is generally admitted, bat there is considerable controversy 
among hydraulicians as to the cause. Two causes are generally pro- 
posed^ 

l**, Resistance of the Air ; 2^, Distnrbance commanicated from the bed and banks. 
[Of course the above applies only to Average Velocities. In comparing single 
velocity-measnrements at different points on the same vertical, the maximom might 
be found anyyhere in consequence of the Unsteady Motion]. 

2. Various opinions. — The Opinions of modern Experimenters and 
Writers will be here quoted at some length, and the evidence from the 
present Experiments given afterwards. 

2a. Boileau Experti. — As to the came of the depression of the maximum velo- 
city line, the Conclusions given are — 

P. 308—" That cause cannot be solely the resistance of the layer of air in contact 
with the fluid surface, acting like the sides of a pipe, for the mobility of this layer 
of air does not permit of attributing to it a retarding influence so great as that 
shown by the rapid decrease of velocity in the upper part of the current ". 

And again, remarking on certain cases in which the depression existed even with a 
wind blowing down-stream, (p. 813) — 

"However the layer of air close to the surface, moving in the same direction with 
it, could not oppose to its motion aught save a very feeble^or perhaps even s&ero or 
negative— resistance. It is then chiefly in the mutual actions which subsist between 
the fluid particles, and in the oblique or rotatory movements which result under the 
influence of these forces from the difference of velocity of neighboring particles, 
that the explanation of the phenomenon of the decrease of velocity close to the 
surface of a stream is to be sought ". 

2b. MiatUsippi Report, pp. 286, 287.— The Conclusions given are— 

** The observations already detailed prove that even in a perfectly calm day there is 
a strong resistance to the motion of the water at the surface as well as at the bottom, 
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and— as will soon be seen— that it is not wholly or eTen mainly caused by friction 
against the air. One important caose of this resistance is belieyed to be the loss 
of living force, arising from upward currents or transmitted motion occasioned by 
irregularities at the bottom. This loss is greater at the sorface than near it ". 
****** 

** For all general purposes, it may be assumed that there is a resistanoe at the sur- 
face, of the same order or nature as that which exists at the bottom. As the dis- 
tance from the loci of these two resistances is increased, their effect, propagated by 
the cohesion of the different particles of water to each other, is diminished. Where 
these diminished resistances become equal, the current acquires its maximum velo- 
dly ". • 

****** 

** The depth of the axis [i.tf.,line of maximum Telocity] varies in direct proportion 
to the force of the wind, increasing for up-stream, and diminishing for down-stream 
breezes, but without producing any effect upon the form of the curve ". 

****** 

** The axis f (.«., line of maxmium velocity] can rarely be at rest ; every varying 
breeze, however gentie, most affect its delicate adjustment, while the stronger pulsa- 
tions of a high wind must produce an oscillatory movement even greater than that 
in the tops of tiie tallest trees ". 

It will be seen that though it is (at first) advanced that the resistance to the mo- 
tion near the surface is ** not mainly caused by friction against the air ", nevertheless 
(a few lines lower) the position of the maximum velocity line is made to depend 
aolsljf on t?is wind, as is also clear from the formula given for the depth (Z) of 
this line (pp. 262, 288, 297) in a vertical of depth (H),^ 

Z = (-317 + -06/).H, 
in which the only variable is the force of the wind ( /*> 

2o. BaMin ExperiiMnU,'^The Condusiooa given are— 

See p. 24. ** It is known that the surface-velocity of the stream Is habitually less 
than at a certain depth below. The resistance of the air does not suflSce to account 
for this decrease near the surface, for it persists even with a wind from np-stream 
which should accelerate the upper-layers ". 

Again, (p. 283). ** The law of variation of velocity in a channel of immense 
width is very simple ; but if we examine the case in which the depth is so great 
compared with the width, that the action of the sides may have sensible effect as far 
as mid-channel, this distribution appears to vaiy according to very complex laws. 

• • • * As the depth increases ♦ 

the maximum velocity is found no longer at the surface, but at a pretty considerable 
depth below. The resistance of the air to the motion of the upper-layer has certainly 
only a feeble influenee on this phenomenon, admitting however, as we have always 
done hitherto, that the Experiment be done in calm weather ". 

Again (p. 225). ** In flow in an open channel, on the contrary, considerable dis- 
turbance is produced near the surface of the stream. This disturbance which appears 
to be much greater wlien the velocities are less, causes the maximum velocity to sink 
to a great depth ", 
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It would seem that tbe author eoDsiden the distorbed motion near the enrfisoe to 
be the prime cause of the depression of the maximnm velocity. 

Sd. Conneeiieut Report of IB, p. SU.— The Conclusion given in the disenaslon of 
the vertical corves is— 

'* Daring the season when the herein-described cnrrent experiments were made at 
Thompsonville, the winds were generallj very light, and the greater part of the ob- 
servations were bat slightly affected by the effect of the wind npon the surface of the 
water. The carves were groaped in various ways to determine the amount of wind 
effect, bnt the results have not been very satisfactory. It appears from some of the 
observations that other causes than the effect of the wind raised and lowered the 
thread of greatest velocity, which the number of observations taken was not sufficient 
to eliminate. The best resalt that could be obtained was that the axis of the vertical 
curve was raised or lowered about -^ of the depth for each mile per hour the wind 
was blowing down or up-stream *'. 

2e. ^oaeley*$ SUady Flow, (Phil. Mag., Vol. XUI, XIIV).— The view given 
in this Paper is quite different. After showing (Vol. XLII, p. 852) that presiure 
deereaaeM with xncreatt of velocity (in pipes flowing full), and accepting the fact that 
velocity decreases from centre to sides (in open channels), the Conclusion (Vol. 
XLIV,p. 44) given is— 

"A% the pressure is everywhere less where the velocity is greater, it is evident 
that there will be a tendency in the Hqaid on the surface to flow from the sides of the 
channel towards the centre, and that thus the velocity of the surface-water at the 
centre will be diminished, and the water heaped up, drowning, as it were, the point 
of greatest velocity in the section ". 

2f. ^r, FraneU*s Opinion^ ( Amcm. Socy. of Civ. Engrs. Trana, Vol. VII, No. 
CLX, May '78).— In this Paper the depression of the maximam velocity is attributed* 
— not at all to the influence of wind, but— to the rising of slack water from the bed to 
the surface, and to its subsequent lateral spread over the surface, whereby the increase 
of (down-stream) velocity which it must surely acquire whilst rising through strata 
of quicker (down-stream) motion is partiy expended in lateral motion, instead of ap- 
pearing in the form of an increase of (down-stream) velocity. 

In the ** Discussion " npon this Paper, none of the speakers advanced the subject 
much i also none of them attribute much influence to the wind. 

2g, Professor Jas. Thmnson's Opinion, (Royal Socy. Procgs., Vol. XXVIII, Na 
191 of Deer. 78, Paper I)— 

In this Paper Prof. Jas. Thomson i^ves in effect* much the same explanation as 
that of Mr. Francis (^supra), 

8. Hew Evidence.— The Abstract Tables (8, 4) and Diagrams 
(PI. XXI, XXII) enable the effect of the following External Conditions 
on the position of the maximum velocity line to be traced, viz.-^ 
!•. Depth of water. 2*. Bnrface-Fall, or Velocity. 8*. Wind. 
8a« Depth, I^F^t of-^A cursory examination of the two curves (PL XXI, 
XXII) showing the— 

Actual Depression (Z) of max. velocy. line, 
Proportionate Depression (^ = Z -7- H) of ditto, 

* QaotatlOQsliothtfiort and to tbe point oamiot be readily made from this Paper. 
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for all the 27 relocify-paraboltt on central yerticals, (Ser. 1—9, 11—28) will show 
at once that these cnrrcs are extremely irregular, their yariation apparently in no 
way following that of the depth (H) on the yertical : e.g.^ the highest valnes of 
H, (10-89 in PI. XXII ; 9*94, 946, 9*41 in PL XXI) carry with them both the high- 
e»t and the lowest yalnes of Z and I. This points to the Conclnsion — 

** Neither the actnal nor proportionate depression (Z, Q of the max. yelocy. line 

depend much on the depth of water (H) ", (1). 

31). Vblocity avd Subf ace-Fall, Effect of,-^A detailed comparison of the 
lines of Velocity (V, »o« U, &c.,) and of Surface-Fall (F„ Fj, F,) with those of Z 
and Z in PL XXI, XXII, will show that for the case of Central Verticals there is a 
considerable degree of correspondence in the yariations of these quantities at the 
Sol&ni Aqueduct Sites, and to a lesser degree in the Sol&n( Embankment Sites, to the 
extent that a rise or fall in some one of the former lines is usually accompanied hy a 
rite or fall in the lines of Z and Z, especially of Z, The same may also be seen in 
Abstr. Tab. 6- 

[This Table is only a re-arrangement of part of Abstr. Tab. 3^ 4, arranged in the 
order of increasing values of the proportionate Depression (( == Z -=- U). The '* prob- 
able error " (Rx) of Z will give (when compared with the magnitude of H, not of Z 
itself) the measure of confidence in the Results. The Serial Numbers enable re- 
ference to be made to the Detailed Tables VII— XIX]. 

iSoldni Aqueduct Sites. Omitting the case of work done in the Right Aqueduct 
with the Left Aqueduct closed, (an altogether exceptional state,) it will be seen 
that— , 

l^. « The rises and falls in the line of Z correspond closely with the risei and f alii 

in the line of Fj, omitting 4 cases (out of IG), viz., Ser. 3, 14, 15 and either of 

Nos. 8, 9 ". 
2^ ** The rises and falls in the line of Z correspond closely with the rites and 

falls in the line of U, omitting 2 cases (out of 16), viz., Ser. 2 and ) 4 ". 

Boldni Embankment Site. This Site presents a marked contrast to the former — 
1*^. '*The rises and falls in the line of Z correspond closely with th^ rises 

and falls in the line of F2, (but not of F],) omitting 2 cases (out of 8), viz., 
Ser. 24, 26 ". 

2^ '* The rises and falls in the line of Z correspond closely with the falls and rises 

in the line of U, omitting 2 cases (out of 8), viz., Ser. 24, 28 ". 

With the marked contrast in the manner of correspondence of the line of Zt ^^ 
the Surface-Fall and Velocity lines at these Sites, it seems difficult to draw any cer- 
tain Conclusions. 

[This shows the danger of drawing general Conclusions from a small number 
of data. Had the work at the SoUnf Aqueduct Sit^ alone been available, the Con- 
clnsion to be drawn would have seemed clear]. 

Viewing them together, it seems probable that — 
'* The proportionate depth of the max. velocity line on a central vertical increasea 

and decreases with increase and decrease of the Surface-Slope (Surface-Fall near 

the Site,)" (2), 

but the evidence is insufficient to enable the quantitative connection to be traced. 
It seems also (to the Author) probable that the temporary state of the water-surface, 
ie., state of rising ^ being stationary , or falling^ may have much to say to this : but 
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this is a qaeation which cannot bo traced at all hj Average ResaltB (such as the 
pr^ent ones) in which these states are probably often combined. 

8(j. Wind, JSffect <?/.— Next, a comparison of the curves of Z, Z with the ** Aver- 
age Wind" plotted at foot of the Diagrams will, with help of Abstr. Tab. 6^ enable 
the effect of the Wind on the position of the max. velocity line to be traced. 

It will be seen that the variation of Z, Z seems to bear hardly any relation to the 
state of the wind, and that in particular high values of Z, ( do not correfpond to 
winds blowing up-stream (sonth wind), nor low values to winds blowing down^stream 
(north wind)<-as they would upon the Theory advanced by the Mississippi Experi- 
menters—but rather the contrary. 

[The Hesults for different Sites should be compared together— <thus the highest 
np-stream (south) wind gives, see Ser. 4, Left Aqueduct^ a value of ( = *194, which 
is lower them any value 0/* C in the Right Aqueduct]. 

The general Conclusion from this is tbat — 
" The position of the max. velocy.-line is not sensibly affected by the wind ", (8). 

[It may perhaps be that the AvsaAGB Wdtds in the Series available are not in 
general high enough (veiy few exceeding 5 feet per second) to test this point satis- 
factorily. The mode of combination of Sets into Series (Ch. VI, 18) is in fact not 
well suited to show Wind effects, as opposite winds are in this way frequently com- 
bined so as to leave little resultant effect, see Ch. Y, 21c'|. 

4. Wind-effect trifling.— The present Experiments then bear out 
the Besults of most of the previous Experimenters in assigning a 
comparatively trifling effect to the wind in elevation or depression of 
the mazimnm velocity line. That it should be so trifling seems very 
surprising. 

The analogy of the known effects of wind on large bodies of water 
will perhaps serve to explain this. These are known to take the form 
chiefly of production of wave-motion, not of translation of the surface- 
water. Were it otherwise, every high wind ought to produce a surface- 
current on a lake and on the ocean, and the water-level should stand 
markedly higher on the leeward than on the windward shore, which are 
both contrary to observation wJien the trnnd is only temporary. 

In order that a high wind should prodnce marked effects of translation 
of the surface-water, it seems essential that the wind should be sustained 
for a great length of time, and in such cases it is well known to produce 
marked surface-currents, and also elevation of water-level. 

[Witness the effects of the trade winds as shown in the equatorial currents ; and 
of the wind which blows steadily up the Ked Sea in certain months as shown in 
raising the water-level at Suez. The acceleration or retardation of the tide which 
often occurs with a high wind in a narrow channel is rather a case of the wave-effect 
of wind. 

The time required for the penetration of the change of velocity of the snrface- 
cnnrent caused by wind to any considerable depth appears to be very great. It has 
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been estunatod* that it would take-* 

I week for | change of aurf aoe-relodty to penetrate 8 feet, 

II days for tV » » n n >» 

If this Estimate is in anj way approximate, it ivill serve to explain the slight 
effect of the wind in elevation or depression of the maximam velocity as observed 
in canals or rivers ; the wind having been probably of short duration in most of 
the cases]. 

5. Air BesiBtance.— The Opinions previously quoted against the ad- 
mission of the Resistance of the Air as one of the chief causes of the 
depression of the maximum velocity line, appear to be all based on a con- 
sideration of the trifling effects of Wind on the position of this line. It 
seems to have been assumed that if the Resistance of the Air were in any 
way a snflScient cause of this phenomenon, the effects of Wind ought a 
fortiori to be still more marked. 

If the explanations just given of the trifling effect of Wind can be ac- 
cepted, it seems (to the Author) that the Resistance of the Air must still 
be admitted as one efficient cause of the depression. It seems that the 
effects of Wind (in causing translation) are well marked when the Wind 
is long enough continued to admit of it. This removes the principal 
difficulty in admitting the reality of the Air Resistance. The ordinary 
state of the air in all the Experiments on rivers and canals was probably 
either calm or else wind not sustained in both direction and intensity for 
a great length of time, so that the average position of the maximum 
velocity line in (the average of) such Experiments would be usually that 
due to still air : that is to say, depressed below the surface, (if the air 
causes any resistance at all.) Now this state (depression) is admitted to 
he the ordinary state, 

6, Flow in Pipei and Open (7Atf aa«/«.— The Diagrams in the *• Bazin Experi- 
ments** Atlas showing the distribution of velocity throngh the cross-section of (reo- 
tangnlar) Pipes fiomng Jull, and of (rectangular) Open Channels seem, when 
oompased together, to throw some light on this. 
It will be seen (PI. XVIII— XXI of Atlas qnoted), that— 

Pipes. The Wet-Border had complete symmetry, both geometric and physical, 
abont both axes of the (rectangolar) cross-section. 

Opbn Chaknblb. The Wet-Border (including the Air-surface in this tenn) 
had complete geometric symmetzy abont both axes of the (rectangular) cross-sec- 
tion, and physical symmetry abont the vertical axis, but not about the horizontal 
axis, (the upper smnEace being of air, and the lower of rough material.) 
The yelocity-distribution was found to be very similar in the two cases, (»ee the 
Plates quoted) so far at the relatumt of the Wet-Border were Hmilar^ vi*.,— 
Pipes. Very symmetrical about both axes of the cross-aection. 
• by Prof. Zopprita of Q\mm, pub. in Van Nortnod't Mago., Vol. XXI of '79, p. 318. 
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Opbk Channels. Very STininetrical about the yertical axis of the cross-seo 
tion : and with the max. velocity line highest on the central vertical, and sinking 
deeper for verticals nearer the sides. 

Thas the two cases agree in symmetry of velocity-distribatlon aboat the vertical 
axis, i.e,f jnst to the extent that the Wet-Borders are similarly related. Next, the 
symmetry of velocity-distribution aboat the horizontal axis in the case of the Pipes 
flowing fall seems to be dae to the physical symmetry of the top and bottom edges 
of the Wet-Border. And, the change in that distribation in the case of the Open 
Channels is just what would seem likely to be due to the sabsdtation of a tolerably 
smooth upper surface (in place of the rough upper surface of the Pipes) capable of 
exercising an efficient resistance to the flow, but to a much less degree than that due 
to the comparatively rough bed. 

[In this view the Air-Surface is to be regarded as a part of the Wet-Border, exert- 
ing a small but sensible resistance to the flow]. 

Let the effect of such a smooth upper surface be considered. It would seem pro- 
bable that— 

1^ There would be symmetry of flow about the vertical axis, because there is 
complete symmetry, both geometric and physical, of the Wet-Border about 
that axis. 
2*. The max. velocity would be nearer the upper than the under surface upon 

every vertical becaose of the less resistance at the upper surface ; 
d^. but would nowhere approach quite close to the upper surface, unless the 

resistance was zero at some part thereof. 
4^ The max. velocity line would be highest on the central vertical, because the 

resistance of the sides would be least efficient there ; 
5^ and would sink deeper and deeper on verticals nearer and nearer to the 
sides, because the resistance of the Border (i.e., sides and top) would become 
more and more efficient ; 
6", and would be deepest (but above mid-depth) close to the vertical sides. 
7®. The lines of least velocity would be at the four comers of the cross-section ; 
the resistance being most efficient at the comers, as being due to the close 
proximity of two resisting surfaces (one vertical, one horizontal) at each 
corner. 
The whole of the above description of what would seem to be the probable ttate of 
velocity-distribution in a rectangular Pipe with smooth top and rough bed agrees in 
a general way closely with the Diagrams figured in PI. XVIII— XXI of the " Bazin 
Experiments " in the case of small Open Rectangular Canals : and also in a general 
way (i.«., with some exceptions) with the Results of the present large scale 
Experiments in the rectangular channel of the 8o1&ni Aqueduct (PI. XIII, XVI, 
XVn, 8c XXXA, 4 ; the Cross- Sections on PI. XVII, XXX A bear especially on 
this point). 
7« Reviewing then all the evidence, the Conclusion seems fair that— - 
** The Air-Surface is to be regarded as a portion of the Wet-Border causing a 

slight but sensible resistance to the flow*', (4), 

also that — 

« The Depression of the Max. Velocity Line is due largely to the resistance of 

the Air, (but not to temporary Wind) ", (5). 

2 D 
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CHAPTER XIII. 
DISCHARGE PAST A VERTICAL. 

PrefBut —The ]inctical bearing of this Chapter la ezplainad in Alt. 1« S. DataUed Formnls an 
gWan and diacnaaed in Art. 2— 4b. 

1. Discharge past a vertical, (D).-*TlLe quantitj of water passing a 
yertical line in one second is evidently a superficial quantity, measure- 
able say in square feet, and will be styled for shortness the Disghabob 
PAST THAT VERTICAL, and wiU be denoted by the letter D. 

It is obviously measured by the Area of the Vertical Yelocity-Curve. 
It is a quantity of not much practical importance in itself; except as 
being a Step towards the computation of the Total Discharge of a 
channel. 

2. Discharge-Formnls.-^The velocity-measurements made at every 
foot of depth on the same vertical enable the Dischabgb past that 
TEBTiCAL to be Computed by known approximation formulas. 

2a. Appboximation. — ^The hett approxiniAtion-formalas to an Area divided 

into 1, 2, 8, 4 n eqnally broad spaces by equidistant ordinates are given in 

Works* on the Calcnlas of Finite Differences : these Rales are equivalent to sup- 
posing the boundary to be severally a straight line, parabola, cubic, quartic n-ic 

respectivel)', and each Rule of higher degree is in general a closer approximation 
than any combination of Rules of lower degree would be. The labor of application 
of these (which are the best) formulae would be excessive, and not worth under- 
taking, except for the four cases where n = 1, 2, 8, 6. In these four cases the for- 
mulse are so simple as to be of easy and rapid application, and they are accordingly 
given in all the larger Worksf on Mensuration, together with their generalizations 
(which are simply repeated applications) to the case of an Area divided into any 
number (n) of equally broad spaces by equidistant ordinates. These generalizations 
are equivalent to supposing the boundary curve to be made up of straight lines, arcs 
of parabolffi, arcs of cubics, or arcs of sextic curves, (and are accurate for such cases, 
except the last, (Weddle's Rule, which is accurate for a qnintlc, and is highly ap- 
proximate for a sextic and even septimic curve,) and each Rule of higher degree is 
usually a closer approximation than any combination of Jtules of Uymer dtgreoM* 
These Rules are conveniently termed the Trapezoidal, Parabolic (or Simson's), Cubic, 
and Sextic (or Weddle's). 

• M« Boole's "CalcnlnB of Finite Diflerenoes'', Chap, in, Art. 7. 
t H9 Moore's " Elementary Treatise on Mensaration," Chap. XI. 
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gb, FoBMULJS USED.— The formnliB actnally lued in each case in the present 
Work for the Discharge past the rertlcal thronghoot from the surface down to the 
level (nominally n feet) of the lowest yelocity-measorement (pn), are giTea in the 
Table below, and will be fonnd nsef ol for use in like cases hereafter. They are in 
each case probably abont the best* approximation consistent with tolerable facility 
of application. 
The notation used is, in addition to that before given (Ch. X, 9) — 
k := width of spacing of ordinates = 1 foot in present Experiments, 
n = number of equal spaces. 

nk = nominal depth (in feet) of lowest velocity-measurement (oo)« 
Da = Discharge past the vertical from surface to nominal depth ii feet 
D = Total Discharge past the vertical from snrface to bed. 



It 



I. 



m 



(»+i) 



BULB. 



DIEORARQI PAST THK TiBTIGAL, (D.) 
down to nominal depth of nk feet. 



8 

9 

10 

11 
12 



Trapezoidal 

Simson's 

Cubic 

Simson's 

Trapezoidal 

Weddle's 

Weddle's & 
Trapezoidal 

Simson's 

Cubic 

Simson's 
Weddle's & 
Trapezoidal 

Weddle's 



4(»o+»i).* 

i{(»o+»i)+4i^i}.* 

f {(»o+»a)+3(»i+r,)}.Ar 

i{(»o+»4) + *(»i+»«)+2w2}.lk 

*{(»*+»*)+2(l7| + l7,+ », + »4)}.* 

A{(o«+»i+»4+re)+r,+ 6(»,+r,+»,)}.A+|(»6+«7)-* 
i {(»o+»e)+*(»i+«'*+*'« + «V)+2(r,+04+»fl)}.*.. 
f |(»o+»8)+2(»j+»e) + 8(i?i + »,+r^+», + o,+ »,)}.* 

+ 6(i7i + i7a+ra+o,r»t)}.A + rii.* 

A{(Po+»i+»4+»e+».+ »lo+%) + (»3+«'«+»g) 

+ 6(©| + r,+r,+i;y+r,+»,i)} . A .. 



(1) 
(2) 
(8) 
(4) 
(5) 
(6) 

(7) 

(8) 
(9) 
(10) 

(11) 

(12) 



fit might be supposed that the formula above given— judging merely from their 
apparent length — were troublesome of application, but this is not the case : the co* 
efficients involved are all so simple, and the order in which the odd and even 
Yelocity-ordinates succeed each other is so regular, that with a little method in the 
way of nsing them, they are extremely eimpU and eaty of application, and can be 
quickly picked up by the most ordinary computer, at the same time that there is con- 
dderable gain in accuracy in their application]. 

2o. Correction to hed-level^The above Results are the value of the quantity 
Ddi i.«M of the Discharge down to the nominal depth (a feet) of the lowest velocity- 
measurement. They require a small correction for the difference between the full 

* It ifl however open to qaertlon whether the oomhinations naed when n is not a mnltfple of 9, 8, 
6 axe the heet. Thus when » s 6, 7, 1 1, a combtnation of the Cubic and Simson's Bales would pos- 
sibly have been better than those used. 
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depth (H) and aboTo nominal depth (» feet). Two Cases present themselves ac- 
cording as H <> M, M« Ch. X, 13. 

i Full depth (H) < nominal depth (n feet) of lowest veheity-wuaiUremonL 
The Discharge Dn above computed is obyionsly too great ; having beoi computed 
npon a nominal depth (n feet) > the full depth (H). The only obvioos ndactiQa 
possible is to reduce the computed Discharge (Da) in the ratio of H to », thns^ 

H 
Discharge required, D = — • Dn, (13). 

ii. Full depth (H) > nominal depth (n feet) of lowett veheity'meatHrement, 
In this case the computed Discharge (Dn) is too small by the quantity discharged 
through the space (H — n) feet between the lowest velocity-measurement (Oa) and 
the bed* The bed-velocity (d^ ) having been already computed (C3l X, 18), this ad- 
ditional quantity is approximately— 

rn + Wl^ 

Correction to bed-level =s (H — ») • — - — , (U). 

2 

and finally,* Discharge required, D = Dn+(H- a). ^ — , (15)- 

2(1. Simple Bales, ^^ >" dtfect— For simplicity's sake one or other of the 
following Rules (apparently simpler than those above given) have sometimes been 
used in working up other Experiments :— > 

Trapeaoidal Bole, Dn = i* {»o + »n + 2(»j + Uj + -Vb^ + «ii.i)}— (16). 

Arithmetic Mean Bnle, D = Hx Arithmetic mean of the velocity-measurements 



= Hx ' ,;^i (17). 

[This last Rule seems to have been employed in the Connecticut Experiments, 

isee Report of 1876, pp. 818, 852]. 

The only merit of these two Rules is their simplicity, but it may be shown that 
they both eonttantly tend to error tn drfect in the long run, (though not necessarily 
of course in single instances. ) 

All Experiment tends to show that the Average Vertical Velocity-Curve is gener- 
ally a Curve wholly convex down'Stream, {eee Ch. X, 8). Now the Trapezoidal Rule 
gives only the Area of the inscribed polygon (PL XX, 4) formed by joining the ex- 
tremities of the successive ordinates (ro, v^, Vf, v^), and gives therefore a Result 

obviously too small. 

Again, the Trapezoidal Rule gives the Discharge (Dn) only down to the level of the 
lowest velocity-measurement (Va); the Arithmetic Aiean Rule gives the following 
Result down to the tame level, (making H = air). 

* In the 1874-7S Report the Viaelhaggm gtven era only the Talnes of D,, as above, i^^ oompofced 
only down to level of u feet without applying the Bed-correetion : this is olearly diown in the 
headings of the Tables V to IX of that Work. 
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Now the first of these quantities is the Trapezoidal Bale Besnlt ; and it is easy 
to see that in a wholly eonoex eurvey (PI. XX, 4)— 

The Arithc. Mean of the extremes, mE in Fig, 4, is always < the Arithc. Mean 

of all the ordinatee, i. e.,-^4^ < ».->•«>■+»'.-'••.•• -t-g-ti 

' ' 2 n+1 

Thns, when compared through the same tpacet (n feet), the Arithmetic Mean Rnle 
gives a Kesalt smaller than that of the Trapezoidal Bole, and therefore it fortiori too 
small a Resolt. 

Somming np, then it appears that— 
'* TheTrapesoidal and Arithmetic Mean Bnles both enr in defect ingeneral ", (18). 

[The Errors due to adoption of these Bales are of coarse smalL Still they are 
known to be constantly in one direction : as safficiently simple and more accorate 
Boles are available, there can be no excase for not adopting them]. 

S. Present Discharges.— The Discharges past the Terticals were oompated by 
the above £ormal» separately for every Sm of Sabsarface Velocity-work in these 
Experiments. These may be called Faib Dibchabgb-mbasubbmentb, (for the 
reason given in dh. VI, 16.) The Besalts are shown in Col. 7 of all the Tables VII— 
XXVIIL The means at the foot of these oolamns in each Sbbibs are the Aybbaqb 
DiflCHABQBB past the verticals in qaestion freed in general from the Observers' per- 
sonal equation (Ch. VI, 13). 

(It mast be observed that the formnlie for Discharge above given are in no way 
connected with the difficult qaestion of the geometric fignre of the Velocity-Carve, 
being simply the ordinary formalas for Areas of carved figures in which a nnmber of 
equidistant ordinates are known ; and are therefore correct approximations independent- 
ly of the qaestion of whether the Velodty -Carve be a Parabola or not J. 

4. Errors in Besnlt. — It will be seen that the Dischabob past a 
vertical is virtually made up of two factors, viz., depth and velocity. Any 
Error affecting either of course affects the computed Discharge. 

L Depth-Ebbob.— An Error (AH) in the estimation of the depth (H) on 
any vertical of coarse affects the Besalt proportionately, so that— > 

«* Error in Discharge = U . AH ", (19). 

[The Brror due to this is presumably least in calm weather, and greatest in a high 
wind, (from the greater difficulty of determining the depth accarately (CJh. V, 15) in 
this case)]. 

ii. VELOcrry-EBBOB.— Errors in the (average) velocity-measurements used arise 
from two sources, viz., 1°, Unsteady Motion ; 2®, Instrumental defects. 

4a. Unsteady Motion. — The effect on the computed Besalt is that the Discharge- 
Measurement (D) of a single Sbt can only be accepted as a Fair Avbbagb (Ch. 
VI, 16) and not as a good average value. 

4b. Instrumental Errors,— The general effect of Instrumental Errors on the Dis- 
charge-Measurement may be inferred from their effect on the figure of the Velocity- 
Curve, (Ch. X, 10, & PL XIX) thus— 

Case (a). Oreatest Velooity at the surface. Fig, Ba-^ 
**The Area of the Observation-Curve is > the Area of the true Carve, and 

therefore the Discharge-Measurement is > the trae Discharge", (20). 
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Cash (h). Cfreatest Velocity helow the swfaee. Fig. Sb— 
" When the Maximiim-yelocitj lane is anywhere near the soxface (hdow 

of coarse), it is clear that the preceding Besalt will etlll obtain ", (21a)» 

and that—*' the Areas will approach to eqnality as the Maximam Velocity-Line 
gradually sinks, nntil that line attains a position (aA in Fig, 5ft), in which the 
loss of area above Q is balanced by the gain of area below Q« so that the Areas of 
the two Carres are then eqnal, and the Discharge-measorement correct *', .... (21ft). 
Also, " As the Line of Maximnm Velocity sinks below this critical position, it 
is clear that the Area of the Observation-Carye falls short of that of the trae 
Carve, because the loss of area above the point Q (where the carves intersect) will 
be greater than the gain of area below that point, so that the Discharge-Measure- 
ment is < the true Discharge", ^..^ (210* 

[There is some reason to think that the limiting position of the Line (aA) of 
maximnm velocity is about the depth ha =s ^H, because this is the depth for which 
the Area BAC = CZD, accurately on the Parabolic Theory hereafter explained, and 
theref(H:e approximately whether the Curve be Parabolic or not]. 
These Results may be summed up as follows ybr all eaeee .*— 

** The Disohaige-Measurement (D') > the true Discharge (D) when the Maximum 
Velocity Line is at or near the surface, and approaches equality with it as that Line 
gradually sinks to a depth of aboat iH, when they become equaL As this Line 
sinks still further, the Discharge-Measurement falls short of the true Discharge, and 

the discrepancy increases as the Line of Max. Velocity sinks", • (22). 

or in symbols— 

D' > D from Z = to Z = (H (about), and (D' - D) decreasing (22a). 

D'=DwhenZ = aboutJH, (22ft). 

D' < D when Z > JH, and (D — D'), increasing, .^ (226). 

[The two sources of Error also affect the Result differently according as different 
formula are used, For discussion of this Error, see Ch. XIX, 11]. 

S. Pbaotioal Bbarino. — The only practical importance of this quan- 
tity is the aid it gives as being a first Step towards the compatation of 
the all important Hydraulic quantity the Total Disoharqb of a chan- 
nel, as will be explained in Chap. XIX. 

It will be obyious that the tediousness of the Field-work required for 
obtaining the Discharges past many verticals by the Method above used, 
(viz., by numerous yelocity-measurements at one-foot intervals on each 
vertical) would preclude its practiced use in finding the Total Discharge. 
Practical convenience imperatively requires the discovery of some more 
rapid process for finding the Discharges past each vertical. This is the 
aim of the next three Chapters. 

The Field-work process here used gives an undeniable approximation. 
This value will be used for testing the sufficiency of the approximation of 
approximate values obtained by far more rapid Field processes. And 
in this view the work so done will have been of great value. 
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CHAPTER XIV. 
MEAN VELOCITY PAST A VERTICAL. 

Pr<^aef ^— This Chapter contains ftUl details of the measarement of Mean Yelodty past a tertioal 
(Art l->7), with InTsstlgation and dlsmuslon of rapid approximation to It (Art. 8—10, 19, IS), and 
of its dependence on the Bztemal Conditions, ( Art, 1 1— lib). Readers not Interested In the mathe- 
matical developments should omit Art. ^b^ 9, Oa, 9b, 9d. 

1. Mean Velocity past a vertical.— This has been already defined 
(Ch. IV, 3) as— 

'* The Mean of the < forward Telodtiea ' at all points of a Vertical ". 
It seems clear that its proper yalne is— 
** The quotient of the Superficial Discharge (D) past the rertieal by the depth, 

t.e.,U = D-^U", (I). 

The practical importance of this quantity, and of finding some means of 
a rapid approximation to it, will be explained hereafter, (Art. 8.) 

[Some shorter and jet distinctive name for this important and frequently recurring 
quantity is badly wanted. Various names are used in different Works, e.g.^ 
Miu. Meport, pp. 254, 294, Mean Velocity of the (whole) vertical curve, 
p. 292, Mean of all the velocities in any vertical plane, 
pp. 293, 294, Mean Velocity in any vertical plane. 
Baain Ikpts.t p. 2S6, Vitesse moyenne sur la verticale. 
Lowell EaepU,, p. 146, Mean velocity of the water in the particular path fol- 
lowed by the tube, 
pp. 146, 147, Mean velocity of the current, (or streant) 
Conn§etievt / pp. 811, 818, 852, Mean velocity of (or in) the (vertical) section.^ 
Report \ p. 818, Mean velocity in each curve. 
of 1878, I p. 821, et seq., Mean velocity in vertical plane. 
Jaekion's Hydraulie Manual, p. 82, Mean vertical velocity. 
WeUbarh'e Miechaniee, Vol. I, p. £09, Mean velocity of (or In) a perpendicular. 
Most of these terms are either inconveniently long, or else open to objection on score 
of indistinctness or even of inaccuracy ; thus— > 

1^ Jackson's term has the merit of shortness, but implies that the velocity it- 
self is vertical, 
2*. Several of the terms involving the phrases << in a vertical plane ", or *' in 
(or of) the section " are indistinct— at any rate when separated from the 
context— as they might be held to refer to the cross-section plane, and thus 
become confused with the ** Mean Velocity through the cron-aection "• 
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2^, Bazin's tenn is inoonvenientlj long, bat seems snffidentljdistinctiTeyand 
has aocordinglj been adopted in these Experiments with above translation. 

To relieye the tediun of the periphrasis, the short term Mban Vblocity will fre* 
qnentlj be osed when the context prevents liability of conf osion with other Mean 
Telocities]. 

g. Arithmetic mean too «ifiatt.^Some Experimenters have been content to take 
the arithmetic mean of the relocitj-measarements at the several points on the same 
rertical as the valae of the mean velocitj past that rertical -, it is of oonrse an 
approximation, and when the number of points of velocity-measurement on the same 
Tertical is very numerouM, (which is rarely the case,) it is a good approximation bnt 
not otherwise. 

[This coarse seems to have been adopted in the Mississippi Report (eee Tables, 

pp. 247 to 251), and-— to a large extent— in the Connecticat Report (see p. 313}]. 

Its sole merit consists in the ease of application, (compared with the somewhat 
laborions calculation by the proper formula U s D -f- H) ; but when there are only 
a few points of velocity-measurement on the same vertical, it gives but a poor approx- 
imation. It is easy to see that, in consequence of the property before shown (Ch. X, 8) 
of the Average Vertical Velocity-Curve being generally Convex down-stream,— 

<< The Arithmetic Mean of velocities at different points upon the same vertical is 

always less than the true Mean Velocity (D -f- H) past that vertical ", ...(2). 

and it follows also obriously from Ch. XIII, 2d« 

S. Afean Velocity Variation smalL^^lt is clear that the Mean Yelo- 
oity past a Tertical being the mean of all velocities past that yerticaly 
its yariation from instant to instant mast be some sort of mean of the 
Tariations of the indiridaal velocities, so that in fact — 

'< The Mean Velocity past a vertical is less variable from instant to instant than 

most of the individual velocities of which it is the mean", (8). 

[An Examination of the line (^) of ** Ranges " of the velocities throughout the 
Detailed Tables VII— XXVIII will amply conarm this ; observing that the Tables 
show two egperimental approximations (U, v) to the mean velocity]. 

4. Mean velocity not conetant.^-lt is indeed quite possible that the 
Tariations of the individaal velocities past a vertical might nearly balance, 
so as to leave the Mean Velocity past the vertical nearly* constant. As 
far as can be judged from the present Experiments this is not the case, 
or in other words— 

** The Mean Velocity past a vertical varies sensibly from instant to instant ",(4). 

[The Detailed Tables VII— XX Vm give two Experimental approximations (U, «) 
to this Mean Velocity. A glance down the columns of U, u therein will show at 
once considerable variations in magnitude even in successive Sets in the same 
Sbbibs. The Average values and the ** Ranges *' of U, u for each Series are also 

* This opinion wts hazarded in the 1874^ Report, (Art 68, ) bnt It seems more probable now that 
the evidenoe was insnffldent. It seems also to have been aftgomed in the If iarissippi Rqwrt, 
(<ee Ch. X, 1 Sa of present Work). 



Digitized by VjOOQIC 



ART. 4--6b. 209 

giTen in the Abstract Tables 3^ 4. The '< Ranges " can be seen to be pretty Urge 
fraeHoni of the whole qnantitj, eyeti aa high as,— 

Range of U, '76 in 4«82, or 17.4 per cent. I j^ g^- ^ 

Range of «, '78 in 8'98, or 19-6 per cent I ' * 

This eyidence is not so strong in either case, aa it appears at first ^ght, inasmnch 
as much of this variation can, in both cases, be traced to change of External Condi- 
tions, &c Perhaps the onlj really fair Test is the comparison of sueeeaive Retulu 
of ike same da^s tpork, in which it maj be fairly assomed that the External Condi- 
tions (except Wind) remained tolerably constant. There are many cases of this sort, 
(yiz., of several Sets of work in one day) thronghont the Detailed Tables, the dis- 
crepancies between which are so great as to fairly establish the abore Resnlt]. 

5. PsBSBNT Mean Vblocities.— The valnes of the (superficial) Discharges 
past the experimental verticals compated separately for each Set of Snbsnrface- 
velocities past those verticals, and shown in CoL 7 of Tab. YII to XXVTII, enable 
the Mean Velocity past those verticals to be compated for each Set by the for- 
mula IJ = D-T-H. This has been done separately for each Set shown in these 
Tables, and the Result is shown in the Sab-colnmn (U) throughout And since the 
Discharges have been in every case computed by the best approximation-formula 
extant, the Mean Velocities in question are the hett apf>roxima(ions to the true 
values that could be obtained front the data : also the Means at the foot of the 
Sub-columns are the Avebage Mean Velogitibs past each vertical nearly freed 
from the Observers' personal equation (Ch. VI, IS). 

6. Mean Velocity Error.-«Tbe value of Heam Velocity obtained as 
above is of coarse liable to error similar to tbe Discbarge-measarement 
(D) from wbicb it is derived. Bat as explained in Gh, IV, 4a, the effect 
of error in estimation of tbe depth (H) oq tbe vertical is almost wholly 
eliminated, so that the residual error is sensibly only that due to error 
in the primary Velocity-measurements on wbicb the Discbarge-measure- 
ment (D) depends. 

This Error is of tbe same character as, and is also proportional to, tbe 
similar error in tbe Discbarge-measurement, since U = D -?- H, and 
arises therefore (Cb. XIII, 4, ii) from two sources, viz., (1), Unsteady 
Motion; and (2), Instrumental defects. 

6a. Unsteady Motion.-^la consequence of the Unsteady Motion, a single Mean 
Telocity-measurement {ie.t that obtained from a single Set) cannot be considered a 
good average value, but only a Faib Average, (see Ch, VX, 16.) 

6b. Instrumental Errar.^Hthnin^ to the similar Error in fhe Discbarge^nea- 
snrement previously investignted, (€!h. XIII, 4b) it follows :— 

"The Mean Velocity-measurement (XT') is > the true Mean Velocity (U) when 
the Maximum Velocity-Line is at or near the surface, and approaches equality with 
it as that Line gradually sinks to a depth of about }H when they become equal ; as 
this Line sinks still further, the Mean Velocity-measurement (U) falls short of the 
true Mean Velocity, and the Discrepancy increases as 1d» Maximum Velocity 'Line 
•.«••...•«•« #•.••••••••••*••**■»••*•••♦•••••••••••••#•••••• •«.»«*«.(5j^ 

2b 



!•.«••••.• •«.••«•! 
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or in BTmbols— 

U' > IT from Z = to Z ss aboat |H, and (U'-U) decreasing, (&i). 

U' = U whenZ s aboot |H, ^ ^ ^(5&). 

U* < U when Z > |H, and (U ' IT) increasing with Z, (fie). 

Now, since Z is seldom > JH, see Abstr. Tab. 8t 4i (except on Tcrticals near the 
margin of a rectangular section,) it follows that :^ 

<*The Mean Velocity-measnrement (XT') is as a general mle > the troe Mean 

Velocity (U)", ^ ^. (6). 

The application of these Rules (5) in practice wonld reqnire a knowledge of the 
yalne of Z, which cannot be fonnd (Ch. XI) withont a good deal of labor. From the 
property (Ch. XI, 7) that the ATerage Vertical Velocity Cnnre is at any rate approx- 
imately a common parabola, they may be pnt into a more convenient fonn. 
For, by the property (89) of the common parabola shown in Art 9d, 

U < = > »o when Z < = > i H, (7). 

Hence U' > s < U when U < = > r^* •••••••- ••— — ^ - ~ (8a). 

Or, in other words, (U' — IT) is of opposite sign to (U — v^), (8&). 

Hence also by the principles of infinit^imj^la^ these differences being small, 

U' > K < U when U' < =3 > p^, (9a). 

and U* — U is of opposite sign to U' — r^, ....••••«••.•.•... •• (9&X 

or in words^ 

"The Mean Velocity-measnrement (XT') exceeds or falls short of the tme Mean 
Velocity (XT) according as it is less or greater than the Snrface-Telocity (vj",...(9). 
[The importance of this last Result will be better seen when discussing the ap- 
proximation to Mean Velocity giyen by nse of loaded Rods, (Ch. XV, 8e)J. 

7. Practical Beariiig.*-The only practical use proposed to be made of 
the value of the Mean Velocity abore obtained is to use it as a Test 
of the sufficiency of the approximation of certain modes of rapidly ob- 
taining au approximate yalue thereof about to be proposed, 

8. Approximation, Importavob of.— It is obyions that if an approx- 
imate yalue of the Mean Velocity (U) past the yertical could be obtained 
by any rapid process in the Field, it would serye far better for practical 
purposes for calculation of the Discharge past a yertical by the funda- 
mental formula^ 

D = U . H, (10), 

than the process used in last Chapter depending on the tedious Field- 
work of yelocity-measurements at one-foot intervals. 

The Mississippi Experimenters give — as the result of their experi- 
ence—the following important recommendation, (p. 292 of Report) : — 
" It seems, therefore, that efforts should be directed to simplifying the deter- 
mination of the mean of all the velocities in any vertical plane *\ 
I. e., the Mean Vslocitt past a ysRTiOAL. This seems to the Author one 
of the most important Results in the Mississippi Beporfe. Great atten* 
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tion was therefore paid to this point in these Experiments : the whole of 
the Subsurface work was in fact arranged with a view to elucidctHng this, 
and all that precedes in this Work may he said to lead up to this, 

9. Parabolic Formals. — It seems natural to inquire first whether 
the Mean Velocity past a yertical can not be found from Telocity-mea- 
surements at only two or three points on that TerticaL And here con- 
siderable aid may be deriyed from study of the Velocity-Parabola. 
Whether the Vertical Velocity- Curve be really a common parabola or 
not matters little : it must be admitted that it does certunly approximate 
{see Ch. XI, 7) to a parabola. This approximation is quite sufficient to 
admit of its use in determining an approximate yalue of Mean Velocity. 
And first, it is clear that, as three data suffice to determine the velocity- 
parabola completely, velocity-measurements at three distinct points on 
the same vertical will of course suffice to determine the Mean Velocity. 
[The three points must of coarse be snitably situate to give a tolerably accarate 
determination]. 

The first Step is to find an expression for the Mean Velocity. Adopt- 
ing the well known property- 
Area of parabola between tangent and diameter =} x circnmscribing rectangle, (11), 
it follows easily that, (referring to PL XX, 3)— 
Diflcharge through depth 7 D = Rectangle h'd - snm of parabolic areas (Bh'K + MD), 
H, or Area BADdb, i = Rectangle b*d - i rectangle B A - ( rectangle AD, 

=-VH-J(V-r,).Z.J(V-r„).(H.Z), (12> 

Writing the equation of the cnrre in the form (Ch. XI, 2, (2))^ 

V - » = w (jf - Z)«, where m = i (18), 

P 
and writing s s= 0, c = H in succession therein (so that v becomes v^ and Vh) 

V - »o = wZ«, and V-»h = « (H - Z)«, (14). 

Substituting these into the expression (12) for Discharge 

D = VH - J {ffiZ»+m (H - Z)»} 

= VH - J mH* + «iH«Z - mHZ», (16). 

.*. Mean Velocity U = g= (V - m2?) + wHZ - i viE*, 

= f). + mHZ - i mH«, (16), 

by substituting from (14). This is the working expression for IT, with which other 
Tslnes obtained in terms of observed velocities are to be compared. 
9a« Three- Velocity Formti/^ .— Now let three Telocity-measurements v\a, v^^ Vy^ 

be taken at any depths XH, /iH, vH, (where X fi, v are proper fractions,) and let it be 
proposed to find an expression for the Mean Velocity in terms of these ; let this be — 

U = a . v^^-¥ P-»^H+ r • t>^ • . • (17), 

where a, /3, y are numerical oo-effidents to be determined. 
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Subtracting (18) from (14), thtze raralts the. following general ezprenlon for 9 :-* 
©rsr^ + 2inZ« - m«^ ,....(18), 

Writing « = XH, /aH, vH in Buccession, this givea— 

wwl Py^=:ro+ 2mZ.vH-«»^«, -^ (19). 

Maltipljing bj a, /9| y in succession, and adding, it follows from (17) that— 

U=r(a+j8+y).»^+2«HZ(tfX+/8^+yv)-«»H»(aX«+/8f4»+7i/«), (90). 

This expression becomes identical with (16) by making— 

a+j8+y=l, aX+/9/A+yv=i, aX» + /Jf»'+yv"=J,^ - (21). 

These being simple eqoations in a, /3, y saffice to determine a, /3, y in terms of 
X, fif V always, i. 0., whateyer X, /i, v be). The general solation is not of much prac- 
tical nse : the most osef ol partieolar solntions appear to be when the three Telocity* 
measurements are made at mid-depth (^H = |H) and at two points equidistant froia 
mid-depth (in which case XH+ vH = H), so that— 

^ =r 4, X+ V = 1, -. (22), 

which reduce (21) to— 

a + /5+ycxl, aX+4i84.yv = *, aX«4'i/5+yi'« = * (28). 

Multiplying tjie last two by 2 and i respectively, and sabtractmg in turn from the 
first,— 

a(1^2X)+y(l-2v)=::0, a(l-4X«) +7 (l-i»^)=5 "», (»*). 

Substituting X+ v for 1 into the former,- 

(a-y) (v-X) = ; whence a=y (as v, X are supposed unequal) (25). 

And from the latter, 2a. {l-2 (X«+i^}, or 2a {(X+i')*-2 (X»+*'!)}=-i 

whence, a = y= ^^^—^, , or = gj2X-l)« »* ^^^ 

'^ = l-2a = l^j^. or^l.-j^^ m). 

Kesults. Hence the following simple cases (assigning simplevaluesO, J,},J to X), 

U = i (Wo+*V*'*^h)' ®' = * (3^iH+^»H+ ^Jh)»- C27a). 

= \ (2»iE- V+2i?,^)' ^' = * ^^^kn "^^K^^^iJ^ (2^*)- 

[The first will be recognized as Simson's well known formula : it is of no tut for 
practical drtermination of U, as it involves the bed-velocity which does not admit of 
direct measurement The other three give simple values, easily applicable to prac- 
tical velocity-measurement]. 

9b. Trvo-Veheiiy F<w^«?tf.— There being only three equations (21) connecting 
the six quantities o, ft y, X, fi, v, it seems worth while to inquire whether an expres- 
sion coi:dd be found for the Mean Velocity involving veloicity-measurements at only 
two (instead of three) distinct points, as this would materially reduce the Field-work 
necessary to find the Mean Velocity. 

It is sought then to determine a, /3, X, /» so as to determine XT by the simpler 
formula— 

XJ S=£ aV% MXpfjinfaaattM •••••>...••*»•...•••••. a. •••.•(«o)b 

lather by a similar invesUgi^tioA to the preceding, or by limply writing y s; in 
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tiM pierioTiB Renilt (21), the eqnationB oonnectiiig a, /I, y are leen to be 

a + i8r=l, 0X4- /3m = 4. aX«+j8M*=:J (29), 

from which it Ib dear that X, /a are no longer independent $ for solving for a, /3 in the 
two first, 

-=J^v ''=J^x' («»• 

Substituting into the third, iX« - fiX*+ /i«\- Jfi* = J (X - /i), 
and dividing by (X-/a), (which is always possible, since X, fi must be unequal)*- 

V-4(X+/*) + l = 0, (81), 

which is the equation connecting X, fi, from which in fact 

80 that dther is determined in terms of the other. 

Thus the Mean Velocity (U) may be found from velocity-measurements at onhf 
two distinct depths XH, /iH^whereof one is arbitrary, and the other is determined 
by (82)— by the simple formula (28), wherehi a, /8 are given by (80). 
Besults. Hence the following simple cases, (found by making X = 0, |, }, |) 

U = HWo+8»|h), or= f (3»j, + 4r|^), (88a). 

U=| (4«?|H+8ojg), or = J (3r|H+r^) •....••......(88^). 

These are the simplest* fonnulas by which the Mean Velocity past a vertical can 
be determined from velocity-measurements at only tmo distinct points. The last is 
of no practical use, as it involves v^ a quantity which cannot be practically measured. 

The first of the formulas (38a) above* is lyfar ike Intfor general pHrpc9e§, because 
it involve only one euhiur/aee velod^ (0|^) , and that at the higkett pouihle level 
(|H), and therefore admitting of more accuracy in its determination than those at 
lower levels involved in the other formulio. 

[It is not diflicnlt to show that the two velocity-measurements must always lie one 
in the upper third, and one in the lower third of the depth, i.^., X lies between 0, d 
and ft between | and 1]. 

90. Pbebbnt Wobk, AppUoatiovL-^lt is proposed for distinctness' sake to denote 
the value of Mean Velocity derived from the above simple formula (first of 2Za) by 
thny i.e., to write — 

«« = i (»«+8i^h). - (38tf, his). 

The value of this quantity has been calculated for all the 46 Average Vertical 
Curves of the present Experiments, and is shown in the Sub-Column beaded Ha in 
Abstr. Tab. 8» 4 ^ot comparison with the fundamental value U e D -7- H. To 
facilitate this, the Discrepancy (tin " XT) is also shown in Col. 9* These Discr^ 
pancies will be seen to be always small (nowhere exceeding K)?) as might be ex- 
pected, and usually negative, showing that «» < TJ usually. 

[The closeness of the values of «b, U is involved of course in the general approxi- 
mation of the Observation-Curves to FaraboUB]. 

M. Depth of Mean Velocity -Line.— By tiie term " Line of Mean Velocity »• 
18 here meant the Stream-Line in which the Average Forward Velocity is equal to 

• KowpahUahBd for tiie first time is to MUmd. 
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tbe ATenge Mean Velodtj ]Mst the yertical. To find the depth (A^) of that line, 
the equation of the Cnnre (18) gives, (writing f = A^ and »=U)— 

U=ro+2«ZAo-f«Vf — • (JMm). 

=9o+mZH- i mH*t bj Resolt (16), (Si^). 

Hence A^«-2ZA^ = iH»-ZH, 

whence *• = Z ± V*H«-ZH+Z*, (85). 

, Ao Z . /i z 7z^ 

«* H=H V 8 - H + ( H ) ^^S*)- 

The quadratic in h^ has of coarse two roots : bat it is easily seen by writing (85) 

in form — 

\,=Z± VH (iH-Z) +Z« (85>), 

that one root is always negative when Z < JH, and is therefore of no* interest : when 
Z > |H, both roots are + , which shows that there are in this case two lines of 
Mean Velocity eqoidistant from the axis, (as is evident from the symmetry of the 
parabola.) It may be shown also that the larger root is always greater than iH, 
for writing the larger root of (36) in form— 

A^ = Z + V(iH - Zy + j^ H», -.••.•............(850), 

so that *o = Z + a quantity > i (H - Z), whence h^ > 4H, (86<0» 

which shows that— 

** The Mean Velocity Line is always below the mid-depth", (36). 

[For illostration of this, see PL XEE— XVIII. The vertical line drawn throngh 
the tip of the Mean Velocity Ordinate (U) will be seen to cat the Observation-Carves 
in almost all cases below the mid-depth]. 

It will be seen that the depth of the Mean Velocity-Line (defined by A^X depends 
on the position of the mazimam velocity line (defined by Z), and varies therefore 
with the variation of the latter ; also from Eq. (85a) it follows that :— 

<* The relative depth of the Mean Velocity line (A^ -r- H) depends solely on the 

relative depth of the maximum velocity line (Z -?- H) *' (87a). 

The Bange of the maximum velocity line appears to be from a little above the 
Borf ace down to aboat mid-depth, (tee PI. XII— XVni.) The values of h^ correspond- 
ing to various values of Z within this range are shown below. 

Value of Z-i-H, -J, -J, 0, J, J, J, J, J, 

Value of Ao-^H, -654, '660, -677, -SeS, -607, -682, 0& -667, -211 & -789. 
From the above, it follows that— 
^ The Mean Velocity past a vertical cannot U dirertfy meanared in practice by 

any single velocity-measurement " ^,, (876), 

because the measurement would have to be effected in the Mean Velocity line, a 
Line whose porition Ib not known h priori. 
Again, taking the larger root of (85) (which is the one of most interest), vis., 

Ato = Z+ V(iH-Z)H + Z», (85, «uX 

Ui^dear that the surd is> = <Z when iH> = <Z, 

•*• A^ > ^ < 2Z when Z < ^ > J H,. •«••••••.•••••., ..(88)* 

* sitUiwoaldoQiTCqMiidtoaUiMaaoNdUmt^toM. 
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Now horn the symmetry of the cnrre it is clear that the Telocity (tr^z) at depth 
« = 2Z is the same as the Surface ydocitj, i.^., Vfz = I'o* 

Hence^ 
The Mean Velocity (U) >==< the Surface Velocity (»o) when Z > = < i H, (89). 

ge. Sii^l9 Velocity ^/^Mn«ia<u?4W.— Writing down the general Talnes of U, o 
£iom'£q.(16),(18), 

© = i7o + 2iiiZ«-««*, U = Po+«ZH-iiBtH', ^,...^liO)f 

it is manifest that there is no valne of m (taken as a function of the depth (H) only) 
which will make the general valne of v either eqaal to U, or even proportional to Xr, 
in conseqaonce of the presence of the variable and unknown Z. The flatness of the 
Velocity-Paraboln is, howerer, in all cases so great (Ch. X, 8) that an approximation 
is postibls. The closeness of this approximation depends on a prior rough know- 
ledge of the Bange of Z-f-H. Now a glance down the column (Tab. S, 4) showing 
the values of Z -^ H in the 45 Curves of the present Experiments will show that the 
Bange of this quantity is— except for verticals quite dose to the vertical'walls of the 
rectangular channel (i^., for all verticals more than S^ off the walls)~on1y from 
about to i, and for this range of Z -r H, the value of A^ -r H has been shown 
(Art. 9d) to range from -577 to '667 ; with a mean value of about •625 = {• 

Now the velocity corresponding to the value f = | H is from (iO),— 

r|H = «'o+« (f ZH-g.H«), (41), 

and the difference between this and the Mean Velocity is— 

»|g-U = J«(ZH-i|-H«), which ranges 

from - ^ «iH», (when Z = 0) to 4- j^^ «H«, (when Z = JH),. (41a). 

Cabb ii. Near the margin of the rectangular channel on the other hand the quan- 
tity Z 4- H lies between I and }, (see Abstr. Tab. 8, 4») and the Table of values of 
Ae -r H (Art 9d) shows that there are two values of A^ -7- H corresponding, vis., 
one between and '211, and one between '667 and *789, with mean values of about 
•105 and '728. The former is the better for practical velocity-measurements on ac* 
count of the greater accuracy of work near the surface. 

Now the velocity corresponding to the value « s= ^ H is 

A r^ 1 

1«SH 

and the difference between this and the Mean Velocity is— 

97 
r -U = J«{-4ZH+|^H«}, whichranges 

17 23 
fromg^mH»,(whenZ=JH)to— ^«H«,(whenZ = iH), (42a). 

Now, in consequence of the flatness of all the Curves the quantity m (= recipro- 
cal of parameter) is always a very small quantity ; so that-* 

11 5 17 28 

•*the several Discrepancies - j^j mEL\ — mH«, — «H», - -^ «H«, just 

shown are aAvay«iMry matf fmntitU»*\ ••••m (48}| 



r. _ = r. + «(jZH - lojH') («), 
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and: 

** The two Velocities V|H (i^., at | depth) in genendi and v^g (i.^., at ^ depOi) 

near margin of a rectangalar channel are probabi j the heat apprtmmationa obtain- 
able from yelodty-measnrement at a single point", - ^ (44). 

9f. Mid-ieptk-veloeity, (0^^— Writing a rs 4H in the geneial eipieanon (18) 

for r, the Mid-depth Velocity is seen to be,— 

«iH=^*'o+«ZH-JiaH*, whilst U=ra+«ZH-|siH«, (by (16)),...M...(45)y 

80 that the difference r^^ - IT = ^ mH*, (always a -f quantity),. •• (46> 

Thus in the Velocity-Parabola— 
"The Mid-depth-Velocity is always > the Mean Velocity by a small qoantity 

viz., 'fq mH*, not depending on the position of the axis", (^^)* 

It will be seen also that the Piscrepancy ^ mH* is alwayt > the grtatest poisihU 

Discrepancies with the two approximations last proposed. 
[The property jost proved, tIz., that the "Mid-depth ordinate exceeds the Mean 

ordinate by a small quantity" is a property in no way peculiar to the parabola. 

All Experiment agrees in showing that as a mle, {see Ch« X, 8)— 

''The Average Vertical Velocity-Coryes are 1", ererywhere convex down-stream ; 
and 2^, are always veiy flat Carves ". 
These two properties involve tiie property in qaestion : for in any convex cnrva 

whatever (see PL XX, 5), the tangent at the point M where the middle ordinate mM 

meets the carve lies wholly without the curve, so that the curve falls wholly within 

the circumscribing trapesoid ; also, 

Middle ordinate siM = Area of circumscribed trapezoid bhl/LtTD -r- depth Id, 
Mean ordinate =s Area of curve IBMDd -=- depth hd, (by definition), 

80 that the Middle ordinate always > the Mean ordinate ; also, when the curve ia 

very flat, it is clear that the excess of the former over the latter must be a smalt 

quantity]. 
This is fully borne out by the present Experiments : the value of the quantity 

(0 - U) is shown for eveiy SsRlBa in Abstr. Tab. S, ^ Col. 9^ and it will be seen 

from them that— 

<* The difference (jf^^ - U) is always a small quantity, and usually 4- , so that 0^ 

usually exceeds U", - .« (47)« 

[(r^^-U) is+in 40 out of the 46 Series, and zero in 2 more. The only 

which 0^ < U are shown in following Tablel. 



T 
1 


Nom- 
ber 
of 

Seta. 


Yalne of 


Bemarks. 


9 
21 
44 
45 


14 

16 

5 

6 


-.07 

-.01 
-11 
—06 


f Several veiy lowvelocities about the mid-depth (,i,e., at 4' and 5' 
I depth), Me Tab. XL 

An unimportant difference. 

) These two Curves on the exceptional vertical, doee to the if 
1 drop-wall, (#m Cross-section, PL XVIII,) are of exceptional 
' shape, (not wholly convex,) so that the propeify (47) of a 
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10. Eatio U "^ v., — This ratio has acquired qnite exceptional impor- 
tance of late years from the asMertion in the Mississippi Report (p. 294) 
of its approximate constancy under all circumstances at the same Site, 
and the proposal therein (p. 295) to utilize this supposed property in 
Discharge-measurement. 

From the Reanlt ij^^s U + iV wH*, Eq. (46), it is clear that the ratio U -i- v^^ is— in 
the Velocity-Parabola at any rate— not a eonttant qnantity (nnless mH* be propor- 
tional to U), nor a function of U only (nnless Indeed mH' be a function of U). The 
Talae of the ratio is in fact— 

U U 1 



V^^mW I+tV.'!^'' 



..(48). 



Now from the admitted smallness of the qnantity T?.mH*,(the same as v.,,- U) 
it ifl clear that this ratio will be tolerably eonsiant (< 1, of coarse) at any rate as a 
nmgh approximation, 

lOfti MisMissippi Report Result. — The Conclusion advanced is that this ratio 
depends chiefly on the mean Telocity (V) of the channel, at any rate in a deep 
channel. 

But the argument is based (Miss. Report, p. 293) upon tiie assumed yalue for 

the parameter — or^ =H'-7- V3Vl (Ch. XI, 11a), and upon a further assttmed 

relation that U = '93 V approximately, (i.^., with sufficient approximation for the 
purpose of proving the dependence of the ratio U -r- v.^ on V)* Applying these two 
Results, the ratio v.^ -r U indeed becomes — 

which depends in deep channels at any rate (in which p varies veiy littie) chiefly on 
V : and this Ilesnlt is pmposed (p. 298) as— 

"the absolute numerical value of the ratio for any curve of actual observations". 

But the Argument is inconclusive on account of the uncertainty (and probable in* 
correctness as general truths) of the two assumptions j? = H* -f- V^V and U = 
•93 V approximately. The assumption U = '93 V approximately is obviously not 
true at all parts of a channel, for it is equivalent to assuming that— 

■* The mean velocity past a vertical (U) is approximately the same right across 

a channel ", 
which is true enough throughout great part of the width, but very far from true near 
the banks, as will abundantly appear in Chap. XVII. Thus Result (49) is not a 
general truth, but is at the utmost Umited in application to those parts of a eroea- 
aectiouy the mean velocity past the verticals of which is nearly the same. 

In fact the real evidence of the proposed law for this ratio must be held to depend, 
not on the argument which led to it, but, on the numerical comparisons exhibited 
(Miss. Report, p. 294) showing— 

2 B 
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1^ the v'aluM of the ratio U -r-v.^ (computed diiect from the YcAocity-datc)* 

2®, the valoee of its proposed equivalent, via., of 1 -r (l + fi^g / ^ )' 
8", the Discrepancies betwe^ the above valnes. 

These are shown (Miss. Report, p. 294) for 15 Cases, via., 8 Mississippi Carves, 2 
of Capt Boilean's Carves from small canals, and 5 Carves on the Rhine. The Dis- 
OBEPANOIES shown are certainlj sorprisinglj small in the 8 Mississippi Carves, in 
which they do not exceed xV P^^ c^^ > whilst in 4 of the European Carves they rise 
to 2 to 8 per cent 

Upon this evidence the important Condnslon is drawn (i5.) that— 
'*The ratio of the mid-depth velocity to the mean velocity in any vertical plane 

is practically independent of the depth and the width of Uie stream, of ihe mean 

relodty of the river, of the mean velocity of ihe vertical carve, and of the locas 

of its maximum velocity. In other words, it is a sensibly constant quantity for 

practical parposes **, 

And upon this Conclusion it is propose<( (ih, pp. 295, 296) that the Field-work for 
computing the Total Discharge of a large channel should In f atnre be limited to 
mid-depth velocity-measurements. 

The practical value of this Conclusion depends chiefly on the amount of Error 
likely to be made in its application. Now the valae of the ratio (49) proposed 
involves unfortunately the unknown quantity V (= mean velocity of channel). If 
an approwimate value of this were known d priori^ it would give the value of the 
ratio in question with sufScieiit approximation. 

It was apparently supposed (Miss. Report, p. 294) that the ratio in question varied 
within such small limits under ail eircunutaneea whatever (even in different chan-^ 
nels) that it might (for all practical purposes of Discharge-Measurement of laige 
channels) be assumed sensibly constant The additional evidence now available by 
no means confirms this hypothesis : the ranges of average valnes of the ratio in 
question— t.e., of the average experimental values of U -3- p^^— are given below {rom 
all the known published cases. 



SXPSBDOZTTS. 



Beferenoe to Origliua. 



Ntunb«r 

of 
Cnrres. 



Ranfe of 

Average Values 

of toe ratio 



U-r-e, 



'*H. 





Miss. Report, p. 2^4, 


8 


•9868 to '9624 


Rhine, 


n n 


5 


•9569to-9322» 


Small CanaIs,Capt BoUeau, 


r* n 


2 


•9640 to -9417 


Bazin, 


Bazin £xpts.. 
Reports of 1868-70, 


? 


not given 


Lake Survey, •• 


? 


not given 


Imwaddi 


Report of 1875, Appx. C. 


14? 


1-082 to^976 


Connecticut, •• 


Report of 1878, p. 350, 
Roorkee Expts., Tab. 8, 4, 


27? 


•961 to^918 


Booikee, 


46 


1-045 to -961 



Thus it appears that^ 
X The ratio U -r V|r is liable to range from about 1*082 to '918, !.«., about 16 

per cent. , •..«••...•.•....••.•■ •...■.•.••..•.•••••••...••••••••••••••••.•••••••....•.•••••••(50)| 

an amount not fairly negligible even in the rongh process of Diachaige-Measnre* 
meat of large channda. 

• printed •OStt in Kisiteippi Report. 
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11. External Conditions, Dbpbndbmce on. — The dependence of 
the Mean Velocity past a yertical on the External Conditions is a ques- 
tion of the highest interest both theoretical and practical (as a Step 
towards finding the Total Discharge without the labor of ▼elocity-mea- 
sarement). 

lla» Preliminary TriaL—Jn PI. XXI, XXII the two approximate Mean Velocity- 
measurements (U, u) have been plotted as ordinates to the Average Depths (H) for 
all the 28 Vertical Carves on Central Verticals (Ser. 1—28) together with the 
Surface-Falls (F„ F^, F,), parabolic elements (j>, Z, (, V), and Average Winds 
C(»responding. It will be at once seen that — 

" The Mean Velocity past a central vertical increases and decreases on the whole 

(in absence of other influences) with increase and decrease of depth ", (51), 

bat the departnres from this rale are so nameroos and so great as to make it clear 
that it also depends on some other elements to a degree sufficient to qnite mask and 
even reverse the effect of change of depth. And on comparing the carves of Sor- 
faoe-Fall (Fi, Fg, F,), with the corves of U, u, it will be seen that— omitting Ser. 
18 — 20 in the exceptional state of the Left Aqnedact being closed— the saliences 
and depressions of the cnrves of F|, U, u concur with very few exceptions on the 
same (Hrdinates ; also that there is a partial concorrence of saliences and depressiona 
of the corves of Fj, F, with those of U, v. 

This shows that— 
*< The Mean Velocity past a central vertical increases and decreases on the whole 

i. «., eaterU paribus with increase and decrease of the Surface-Fall, and chiefly 

with the Surface-Fall in the Upper Sub- Reach *\ ^ (52). 

lib. Further Tria/«.— It appears then that this Mean Velocity depends partly 
on both the Depth and Surface-(}radient, and is therefore a function of both of them. 
It seemed therefore worth while comparing the products HFj, HF2, HF,, HF, their 
square roots,* &c, with the values of U. The Abstr. Tab. 8 and Fl XUII have 
been prepared to exhibit the Results. 

The Table is arranged by order of decreasing Mean Velocity (U) at each Site as 
the Argument : this has the advantage that those of the Trial Quantities (HF, &c.), 
which are in any way simply related to the Argument (U), should at any rate be 
ranged in the same order. Thus the product HFj is seen to be so irregular, see 
Ser. 21 — 28, that the research is not wc«th pursuing with respect to F^. Similarly 
the trial quantities HF, VHF may be seen to be so irregolar that the research may 
be dropped with respect to F. 

[Similarly the product HF^ was found to be so irregular that the research with 
respect to F, was at once dropped, and the Results were not thought worth publish- 
ing]. 

The tolerable regularity of decrease (see Tab. 8) In the trial quantities HF| 

y/WPi seemed to make it worth while porsoing the research with respect to F| alone : 

• The cx pr oMi onB of type ^HF were of course ■nggested by theanalogy of the well known cor- 
responding formola for Mean Sectional Velocity V = C x 100 \/RS ; the Sorfeoe-FAlls (Fi, F2i F,) 
being the neaiot meuore of the Surface-Slope (S) available with erexy velocity-ezperiment. 
<Ch.yiI,8c). 
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on eomptring the BesultB HPi, \/HFi widithe Yaloesof U^itiseiidflnt UuiiehtBgw 
in F] are aore %mp<nrt4uU tkam those ofH^MO thtt the quantity H abonld be invotned 
in a lower d^;ree than F|. The following qoantitieB were aooocdingly eompotod :— 

VhFh PiVC F,»VSr T^i^/K '^FiVBf 
ai Trial Qoantitiea, and are ahown in the Table. 

PLZLI2I. To render the relation (if any) betweon the Trial QoantitieB and the 
Mean Velocity (XT) more clear, these five qnantitiee have been plotted as oidinatea to 
the Mean Velodiy (U) taken as abseiass. This has the advantage that any nagfie 
rdatum would at once be exhibited by the form of the Ourre of the Trial Qnantilj 
(simple proportion being indicated by a straight line.throogh the origin, any simple 
linear relation by a straight line, any other simple relation by a fairly flowing Oorve, 
Sm%, the non-existence of a simple relation by an irregnlar cnrre). On examining all 
the cnrres, it is at once seen that those eorres in which F| is inyolyed in a higher 
degree than H are the most regular ; and that on the whole the conre of Fi ^H is 
the most regnlar, and approximates to a straight lin& The irregolarities in all the 
Carres are, howeyer, so great as to make it nneertain whether there is any real 
connexion, or whether the apparent connexion is not solely doe to paucity of data. 
Thos, by ooiission of a few of the data here and there, any of the eoires tried woold 
be apparently a fairly flowing Corre, and therefore apparentiy related in some simple 
manner to the primary velocity (U). 

On the whole it seems dear that— withoot some better indication of the troe rela- 
tion from a rational Theory— the inqoiry is too onoertain to be worth porsoing. 

12. Bdtioi \J -r- v^, V -T- v^. — ^The 8orface-velocity and valoe of the ratio 
e s U -r 9o are also shown in Tab. g (brooght forward from Tab. g^ 4)» u^d have 
beeo plotted as ordinates in PL XLHI, for each of the same 28 Series. The approxi- 
mation of the Carve of Vq to a straight line is evidentiy moch closer than that of any 
of the Trial Carves treated of in the last Article. This shows that U is moch more 
nearly in simple proportion to v, than to any of the preceding trial qoantities, and 
leads to the belief that in the present state of science — 

** A moch closer approximation to the central mean velocity may be obtained 

from direct velocity-measurement of even one primary velocity (say tiie sorfaoe- or 

mid-depth-velocity) than from any known formula in terms of Surface-Fall ",...(53). 

The ratios U -?- Oo» and U -r v^q are indeed far from constant {see Tab. {, 4): 
the following Table gives an Abstract of the Ranges of the Depth (H), Mean Velo* 
mty (U), and Batios (U -i- o« U -7- v^b) for each Site^ separately for ontral and 
non-central verticals. 



SdAaiSito. 


BariM. 


H. 


U. 


U-i-^b. 


U-r-»4H. Tflrttad. 


Left Aqueduct, •• 
Bight Aqnednct, .. 

Embankt Main Site, 




9-4e-6-92 

9.94-6-56 

4-66-8.99 

10-89-6'16 


4*1 1-3-33 
4-61-3.65 
6.40-5-47 


.957--989 

1'018--961 

•995--967 

•997--926 


•995-.976 
l'016--978 
1.00a-*995 
1O02--977 


>OaitnL 


Bight Aqoedoct, .. 
Embankt Main Site, 


M 


9-66.6-96 
8'78-2-58 


4* 10-1 -63 
3.39-2.40 


1-128--961 
•968-*894 


.988--961 
1-045--984 


Ttzlcma 
Non-Can- 
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The etiue of Tambilify of these ratios on any one Tertical ie bj no means dear 
from the data arailable : the state of the wind no doabt affects the Boi&oemore than 
the Mean Velocity, and thus affects the ratio U -f- r^, bnt on carefnl examination of 
all known caoses of Tariation, the effects seemed so obscnre that the InTestigation 
did not seem worth publishing. 

The Range of the ratios gives an idea of the amonnt of error likely to be made in 
compoting the Mean Velocity past a vertical (U) from a good Surface or Mid-depth 
Velodfy-Measnrement by application of an a$9WMed constant ratio. The best Tsloe 
of the ratio to be need for each vertical oonld of coarse only be foond by direct ex- 
periment on each vertical 

18. Approximation recommended. — The formal» (27a, h), (BZa, b) of 
Art 9a, b giye highly approximate yalaes of the Mean Velocity past 
a vertical in cases where the Velocity-Carre is nearly parabolic. Of 
these the Method recommended in Art. 9b of combined yelocity-mea- 
snrements at the snrface and at f -depth is by far the moet convenient 
for practical work. The Unsteady Motion of the water, however, makes 
any snch combined yelocity-measnrements inconyenient and uncertain, 
(as ezplamed nnder " Objections to Twin Floats ", Ch. IX, 2b) ; so that 
on the whole it is probably better to attempt only such approximation as 
can be obtained by velocity-meaeurementa unth a single Instrument (or at 
a single depth). 

And of these the nse of the Velocitj-Rod fas explained in Ch. XV) 
is hf far the most convenient when the depth of water is not > about 15^ 
In greater depths of water the approximations investigated in Art. 96 
are recommended, viz., velocity-measurements at §-depth in general, 
and at -^-depth near to vertical banks. 

[It shoold be understood that the depth in question is the proportionate depth on 
•eek vertitalf so tiiat the real depth at which the velodty-measurement should be 
effected nufj be different^ for each vertical], 

14. RtiuttM true on the average^-^ThA Results of this Chapter which depend on 
the approximately parabolic figure of the Velodty-Cnnre, yiz., Art 9, et ieq., cannot 
of course be expected to obtain in single trials in consequence of the Unsteady 
Motion, but they may be accepted with confidence as highly approximatt on the 
eojeragt of agieat number of trlala. 



* In tbe MiMinippi Beport raoh Teiodty-meMnnaieBti ue recominondad to be made (in large 
tifm whMe the d«pfeh is totarnbly nntfonn, ue p. SM of Beport) ol a effuftaiK *|X*, visn at | tlio 
Ivd. BusD depUi itgbt aoraee : thto leemi hardly joitifiablo. 
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CHAPTEE XV. 
BODS. 

Pr4A)K<*— Thii Chaptor oontains a deacripUon (Art. 1— 7f) of, and experimental diioiurion (Ait. 
«— 15) of, the nee of Rodb for meamrement of Mean Velocity peat a Yertieal. The moet intenittiv 
Axtidee aze Ait. l-«, 8, 8b (after Beeolt (8)), 80. 8e (after Beeolt (16b'))» 9, 10—15. 

1. Mean Velocity Bods.— The ase of a slender Rod or '< Float-Pole " 
loaded so as to float nearly npright has often been nsed for rapidly ob- 
taining an approximation to the Mean Velocity past its Length, ue., to 
the Mean Velocity past a yertieal. Snch an Instniment will for short- 
ness be called a Bod. 

The utility of this Instrument depends entirely on whether its actaal 
'' Telocity " is a sufficient approximation to the Mean Velocity through- 
out its Length. It is so simple, so cheap, and so conyenient in use (in 
currents not more than 15' deep) that, if the approximation is sufficient, 
it should superaede all other Instruments when the Mean Velocity past a 
vertical is the primary quantity sought. 

Much attention was therefore paid to this point, both by investigating 
the theory* of the motion, and by direct Experiment. 

S. History of use of Bods.— The use of loaded Bods for measur- 
ing Mean Velocity past a vertical appears to have been introduced by 
Erayenhoff about 1812. They were used in the following important 
Experiments : — 



Brperlmenter. 


Bpocfa. 


BlTor or Place. 


Refttenoe. 


Krayenhoffy 
deBoffoD, • • 
Destrem, •• 
Fnncis^J.B., 

VariooB, • • 


1812 
1821 
1885 
1852 

1847—73 


Riyera in Holland, 

Tiber, 

Neva, 

Lowell Canals 

MassachnaettB, 

Rhine, 


Miflsiflsippi Report, pp. 189, 807. 
MissiflBippi Report, pp. 195, 809. 
Mississippi Report, pp. 192, 807. 
Lowell ExptB., Art. 176—187. 

Verslag aan den Koning, pnh. at the 
Hagae in 1876, p. 191. 



• The Author has not ben able to find any pablighed theontloal inyHtigation on this point. 
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3. Bod-motion, Gbhbral Thbort. — The Instroment consists es^ 
Bentiallj of a slender cylindric RoD| loaded so as to float npright in 
still water, of uniform section, and uniform physical state of surface 
throughout its length. 

When dropped into a uniform current, it moyes at first irregularly, 
but after a time it acquires a state of relative equilibrium with the fluid, 
and after that moyes with a tolerably uniform velocity, (which would 
in fact be quite uniform were the motion of the water itself " steady ".) 
This '< terminal velocity " is the velocity to be observed, and is the only 
one requiring discussion : it will for shortness be styled the Bod-vblo^ 
oiTT, and will be denoted by u. 

When in this state of relative equilibrium, some of the fluid strata 
into which the Bod penetrates will be moving faster than the Rod, and 
some slower : the former tend to accelerate the Rod both by direct 
pressure and by lateral friction ; and similarly the latter tend to retard 
the Rod. And in this state it is clear that the Total Forces of Accel- 
eration (say F) and Retardation (say R) must be equal and opposite^ 
so that they form a statical Couple whose effect will be to rotate the 
Rod into an inclined position until the arm of the contrary Couple— 
consisting of the weight of the Bod (say W) and the equal opposite 
Resultant upward Fluid Pressure (say P) — ^is sufficient to produce a con- 
trary " moment of stability " jnst equal to the << moment of instability '^ 
This is expressed by the equations — 

F-l-R = 0, W+P = 0, P.5f=:P.p8inO, (1), 

where q = distances between *' centres '' of F, B, 

p = distances between centres of grayity and of buoyancy, 
= inclination of Bod to vertical. 
These are the complete set of " conditions of relative equilibrium ^' 
expressed in a general form. The first is the one which determines 
the Rod-velocity, and will form therefore the basis of future discussion 
(Ch. XYI) : the second is of no interest, and the third serves only to 
calculate the inclination (0) of the Rod, which is not of much interest. 

Sa. Bod-velocity approxmatee to Mean, — It is clear (from the above) 
that the Rod will finally move with a velocity which is eome sort of mean 
of the velocities of the fluid strata into which it dips« The important 
question is whether this Rod-velocity (u) is approximately the same as 
the proper mean of those velocities. This will be discussed both experi- 
mentally (in this Chapter) and theoretically (in next Chapter). But 
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it may be obserred at once that in actual streams the Discrepancy can- 
not be very great, because the difference between the greatest and least 
Arerage Velocities past the same yertical (under same conditions of 
conrse) is itself small, {aee Ch. X, 8 :) so that it is obyions a priori 
that the Bod-yelocity is at any rate a rough opproximaHon to the Mean 
Velocity past a yertical. 

4. ' Essentials of a Rod.-^The following are the Special Conditions to 
be falfilled in a good Mean Velocity Bod, in addition to the Oeneral Con- 
ditions (Ch. IV, 6) common to eyery Float, a few of which are here 
repeated in the spedal forms they take with this Instniment : — 

1^ " The Rod should be a slender cylinder of miifonn thickness thronghoat, 

aa thin as is compatible with tbe requisite stiffness ". 
2^. " Its conyex surface should be of same physical state throngbont, the smooth- 
er the betUr". 
8^. ** Its centre of gravity should be as low as possible in the water ". 
4^ *<The part exposed to wind should be the least possible consiatent with 

serring its function as a marker *\ 
SP. " and yet should be as buoyant as possible, to secure quick rising to the 

surface after accidental submergence ". 
6®. ^ The loading at foot should be so arranged as to remain at the foot even if 
the Bod be inverted". 
Of the above Conditions the first four are essential to the accuracy 
of the Instrument, and the two last are practical conditions essential to 
its convenient use. Thus of the first four— 

V* & 2°. Thinness is essential to prevent undue disturbance of the natural 
motion of the water : the thinner and smoother the Bod the less it disturbs 
the water. Again, uniformity of thickness and of state of surface are re- 
quired that the action of the current may be similar throughout the length. 
8^. The depression of the centre of gravity is necessary to enable tbe Bod to 
float always nearly upright in spite of the varying pressure at different 
parts of its length. A nearly vertical* position is essential to accuracy, in 
order that the Bod may be ^ways immersed—when in a state of relative 
equilibrium with the finid^to a nearly constant depth. 
B. Length of Bod. — The term Lbnqth of Bod will be generally used 
for shortness to denote the immersed lengthy and will be denoted by the 
symbol I : the total length from head to foot will be distinguished as the 
Full Lbnqth. 
The two Conditions Nos. S"* and 4"* both inyolve that— 

''The Full Length of a Bod should only slightly exceed its Immersed 
Length", ^ (2a). 

* SMot vertloality la obvlouily imponlble milea the two parallftl Besaltant Foroes of iMd&n^ 
ttoD tod Bstaidatlon (Art. S) an UrtcOt opposed to one another, (an exoeptiooal oondlttoii). 
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- [For a Rod whose Foil Length greailj exceeded its immersed Length wonld obvi- 
onslj violate Condition 4^ but it would also violate Condition 8^ for it wonld be 
impoBsible to load it sufficiently at the foot to depress its centre of gravitj deeply in 
the water, and it wonld consequently often float in a very obliqne positionl. 
It follows therefore that — 

"A long Rod is quite unfit for n^e with small immersion '', (25). 

[The excess of Full Length over immersed Length adopted in these Experiments 
was 8^, 2^, l'', )' for immersions over 6', between 6' and 8', between 8' and 1', and less 
than 1' respectively]. 

0a. Dopth of imsidnioil.— It is obvious that to prevent the Rods touching 
the bed— 

''The vertical depth of immerrion is always necessarily < the full depth 

CH)" ....(3a), 

also that, in consequence of the Rods floating, seldom vertically but, usually in a 
slightly inclined position — 

« The vertical depth of immersion is usually iUgktly < the immersed Length 

(0", (35). 

As the real depth of immersion is unknown d priori, and would be difficult to 
observe, it must be assumed in what follows as nearly equal to (but generally <) the 
inmierBed Length (/). It follows also that — 

<*The immersed Length (I) is usually < the full depth (H) " (8c}. 

[But it happened on certain rare occasions {see Ser. 80, 37, 39} that the immersed 
length (0 slightly exceeded the full depth (H). The possibility of such a case is of 
course due to one or both of the following causes : — 

1^ The tilt of the Rod lifting its foot sufficiently to clear the bed. 
2^, Lightness (i,e., imperfect adjustment} of the Rod, whereby its real immer- 
sion in still water would be less than its intended immersion, 
but the excess was in every case unimportant, the maximum being *15 of a foot]. 

6, Set of Rods.— The Conditions (2a, 6), (8a, ^, c} of Art 5,5a involve the 
provision of a set of Rods of various lengths suited to variouM deptht of immersion. 
Again, the Unsteady Motion of the water necessitates the provision of a eoneiderahle 
stock of each particular length (Ch. YI, 7} to enable Field«work to be done with 
any convenience. 
[The Rods were made up for these Experiments of following Lengths :— 
Under 1', of •!, '2, ^ &c, advancing by tenths up to 1'. 
1', 2', 8^ and so on by one-foot increments up to 12', in 1875—1876. 
1', 14', 2^, 24', and so on by half-foot increments up to 12*, after 1870. 
The complete Set of Rods for one Field-party at the larger Sites consisted of 12 
of each Length in most frequent use (7' to 94'}, and 6 of all other lengths required. 
A complete Set of Rods is therefore a pretty bulky and heavy mass : thus a single 
Set of Rods of only one of each length amounts to about 154 running feet of Rod, 
and a <* complete Set" as above amounts to about 1280 running feet The bulk, 
weight, and cost of such a Bet of Apparatus becomes a serious matter, and on all 
three of these scores (besides the essential of accuracy} the use of the thinnest Rod 
consistent with sufficient strebgth and stifEness becomes a practical necessity. 
[The standard thicknesa adopted in these Experiments was one inch}, 

2o 
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7. SeKripUott of Bods, (PL XXIV, 5— 9).— Three different pti- 
terns of Bod were nsed at different times ; these will be tenued for ehort^ 
ness— 

r uH»d Rodi^ med in 1875 and till May 1876. 

„ ^ naed alao in abort lengths (nnder 1') tfaronghont the work. 
2|' wood Rodt, used in March and April 1875, (Me 8er. lOS, 104.) 
1* tin Tule-Rodtf nsed from Febry. 1876. 
Here follows a detailed description of these Bods, (Art. 7a^*-f )->- 

7a. 1' Wood Rods, (Pi. XXCV, 5).— A slender cylindric Rod (LQ of T diame- 
ter, made usnally of a moderately hea^y wood (as ** SAI," Skorea Bohuim ; or ** Tikn ^, 
Cedrela Ti6iui), and sometimes of a light wood (as ** Deodar ", Cedrui Diodara) was 
loaded at one end I with small cylindric weights (W) of the same diameter as the 
Bod. The weights consisted of discs of sheet tin, and of small cylindric pieces of 
lead (w) of 1, 2, 4, 8 tolas* weight respectiTely : they were fixed at the foot I of the 
Rod by a long thin screw (I) passing right through them alL The Rods were loaded 
by experiment in still water nntil immersed (indoding the length of the weights) to 
the desired depth, leaying from I'' to 3* projecting above the surface. A small screw 
(f ) was slightly screwed on to the head of the Rod to be nsed for attaching a small 
pledget of cotton wool to serye as a " marker ". 

To decrease the absorption of water by the wood, the Rods were coated sometimes 
with paint, sometimes with oiL 

O^jectiont. The chief objections to this pattern arise from the use of wood, and 
from the mode of fixing the loading. 

1^ If a light wood be nsed, the amoont of lead required to sink the Rod when 
oyer 6' long forms a cylinder of sach length as to be difficolt to fasten on 
secorely by a simple screw. 
S*. If a heayy wood be nsed, the arailable bnoyancy is not enough to cany a 

<* Load " at the foot sufficient to depress the centre of grarity deeply. 
8^. It is extremely difficult to procure wood which will yield straight Rods of 

10* length (and upwards) of only 1* diameter, free from knots and flaws. 
i^ Wood is so hygroscopic, that the fine adjustment required is rapidly destroyed 

by immersion in water. 
6^* The mode of fixing the lead weights— yiz., by a long screw passing through 

them—is insecure. The weights are liable to be detached whilst in use. 
6^. If the screw used for attaching the weights breaks off short, the Rod cannot 
be repaired, but can only be conyerted into a shorter one by cutting off the 
foot. 
7®. The lead weights are liable to be stolea 

8®. These Rods proved expensive in lengths exceeding 6', partly from the good 
quality of wood required {too S*), and partly from the quantity of lead re- 
quired for the loading. 
These objections were found to be so great, that the use of this pattern was entirely 
given up in 1876 for all lengths exceeding one foot. 

•Out "tola " = 180 gnOni. 
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7b. 21" WoodHom, (PI. XXIV, 6) — K £bwR0D8 of adecidedlj raperior finish, 
nude up in the ''Roorkee Workshops" for the nae of the Ganges Ouial Staff, were 
lent for use on these Experiments from the Northern Division Ganges Canal Office. 

These were neatly made cjlindric wooden Rods of 2)" diameter, fitted with loaded 
iron tnhes at the foot I of same diameter as the Rod, into which ballets, shot, &c., 
ooold be introdaced (for adjastiog the depth of immersion) through a small hole (a) 
closed bj a sliding shatter : they were neatly painted all oyer, and marked in feet, 
and qnarter-feet. Foar claw hooks were fitted on the head to enable the Rod to be 
easily caaght They were made np in Sets of only three (one 8', one 9', one 12' 
Ions;). 

Ohjeetiom. The chief objection to this pattern is its expense, the Set of three 
costing abont thirty rnpees (t.^., about £8), so that they conld not be made np in 
large numbers. The Set of only three lengths is obviously useless for general use, 
(the 9' length for instance is useless in water between 8^' and 8' deep,) see Art. 5. 

There are also minor objections. The thickness 2|' is probably too great for ao- 
enracy, and it involves the 12^ length being inconveniently heavy for handling. The 
sliding shutter was liable to be broken and lost, upon which the bullets, ftc, frequently 
fell out and were lost. 

This pattern was used only in the two Mean Velocity Ser. Nos. 108, 104 done in 
1875 in the Left Sol&nf Aqueduct. 

7c. r Tin Tubb-Rodb, (PL XXTV, 7).— This pattern was a "Tube" of V 
bore made of sheet tin, in lengths corresponding to the width of the sheets obtain- 
able. The longitudinal joints of alternate lengths were arranged on opposite sides 
of the Tube so as to break joint. The joints between the lengths were ** butt joints " 
formed over a short "joint-piece", or similar tube 8' long, fitting easily inside the 
main tabes, (1 1' inside each.) A piece of 1* rod-iron (w) was fixed inside the lower 
end (0 of the Tube, of such length as to sink the Tube in an upright position in 
* still water nearly to the desired depth, and formed in fact the chief part of the ** load- 
ing". The fine adjustment to the required depth of immersion was done by drop- 
ping small bits of iron, and lastly shot into the Tube in still water. Finally the 
head of the Tube was sealed with a tin dise, (sometimes flat, sometimes slightiy 
rounded.) The outside was then coated with a coat of cheap black paint to protect 
it from the water. The << water line" (L) on each finished Tube-Rod was marked 
by a ring of red paint, and the Lekqth (Art 5) of the Rod was figured on it in red 
paint to enable each length to be readily recognised. 

The Rods made np after Sepr. 78 were fitted with an arrangement for confining 
the shot, &c, used for the fine adjustment to the* lower end of the Tube : this was 
simply a sort of conical funnel (/) also of sheet tin fixed inside the Tube jast above 
the iron foot ; this funnel allowed the shot, &c., to pass downward when the Tube 
was held erect, but rendered their return difficult when the Rod was laid flat or even 
inverted. 

These Rods were made up in large numbers for this work by a common native 
tinsmith in the basar, at the rate of about 2| annas a foot, and required only testing 
on deliveiy. 

Plank'Trojfi, and HandHng, (PL XXIV, 8).— The longer Tube*Rods were of 
course somewhat fragile, and were liable to be strained if unsupported when in a 
horijBOtttal position. When not in actual use they were accordingly laid out on 1* 
planks with sti^ps of wood screwed on at the ends and sides so as to form a sort of 
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Flahk-TbAT (PI. XXrV, 8) about 9* wide with raised edges abont 8' high which 
served to prevent the Rods slipping off. Each Plank-Tray hdd aboat 18 Rods. The 
Rods being of same thickness thronghont laj flat on the Trays without being strained. 
The Rods were nsnally lifted and carried aboat on the Plank-Trays : if required to 
be lifted and carried without the Trsys, the longer Rods were always cairied in an 
upright position with the loaded ends down. 

[By moderately careful hsndling the Rods lasted a considerable time : of coune 
after a time the joints became strained and admitted water into the Tube. This 
defect caused the Rod to sink deeper than usual in the water, and was therefore 
easily detected during use ; any Rod in this condition was at once withdrawn from 
use, and sent for repair]. 

Advantages of Tuhe-Rods. The Tube-Rods proved by far the best of the patterns 
tried : they fulfil all the six Conditions of Art 4 admirably. They are strong 
enough and stiff enough to bear a good deal of use ; they are light, easily packed, 
convenient in use, easily repaired, pretty cheap, and not worth stealing. 

7d. Adjustment and Tbstino. — The adjustment of the *' loading " of the 
Rods to proper depth of immersion was always done in still water. Similarly all 
Rods received from Contractors were tested in still water before being taken into use. 
An error not exceeding i" in the adjustment of Rods not less than one foot long wss 
considered admissible. 

The most convenient mode of testing is to amply place the Rods in a still water 
pool or tank ; but as a still water pool of sufficient depth (over 12' required) is not 
always readily accessible, it is worth noting that the adjustment and testing can be 
quite conveniently done inside a long tube of a few inches diameter standing upright. 

[The Test-Tube used in these Experiments was (see PL XXIV, 9) simply a pipe 
of sheet tin 14' long by 4|' diameter placed in an upright position against the side of 
a verandah, so that the top of the pipe was accessible for use from the verandah roof. 
The top of the pipe was provided with a loosely fitting cap to exclude dust when not 
in use, and the foot was provided with a stop cock (S) to let out water. This arrange- 
ment proved very convenient]. 

7e. ^^' ^f Ao(i«. — There was a constant small loss of Rods during Field-work 
from their sinking outright Both kinds of Rod, the wood and the tin were liable 
to become too heavy to fioat during actual use ; the wooden ones from absorption of 
water, and the tin ones from leakage of water. But by far the most frequent cause 
of sinking was from the foot of the Rod being caught by something on the bed {e,g,^ 
on snags, brick or clay heaps, or other projections) ; unless immediately released the 
current-pressure carried the Rod under, and laid it flat on the bed, where it usually 
lay (without being swept down-stream by the current) until released. A very slight 
touch, enough just to disturb the Rod, sufficed to bring it to the surface again. 

[Rods so sunk were constantly recovered by ^ fishing " for them with a pole with 
a hook at the end, or, if this failed, by diving for them, just about the spot where 
they sank]. 

7f, Top'hooka useleu. — It was suggested to the Author that the provision of 
** claw-books " at the top of the Rods (as in PI. XXIV, 6) would allow of the Rods 
being caught after passing out of the Run upon an extra Rope strained across the 
stream for the purpose, and so render the use of the Lower Boat (always used in these 
Experiments for catching the Rods) mmeoessary. 
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If this were a practicable and iairlj handj airaDgement, it woald ofiailA<a'^r4t' 
convenience in the nse of these Bods bj the regular Canal Staff, as it is not afwi^ 
possible to proride two Boats suitable ; the expense of the men employed in the 
second boat woald also be saved. 

On account of the practical importance of this question, it was deemed right to 
give the arrangement a fair triaL It was accordinglj tried both at the Belrm Site 
(190* wide) and at the Kamhera Bite (70' wide) : every possible attempt was made to 
secnre success, but the arrangement was found nearly impracticable with any sort of 
convenience. 

The practical difficulties were found to be of two kinds^ 
1*^. The uncertainty of the Bods hitching properly on the Bope. 
2°. The difficulty of bringing them to bank when hitched. 

It seems unnecessary to enter into these difficulties in detail. Suffice it to say that 
from one cause or another, a large proportion of the Bods cast from the Upper Boat 
could not be successfully brought to bank by this process. When once slipped, the 
only way to catch these Bods (in actual practice) would then be either to send the 
Upper Boat (supposed to be the only one in use) after them, or else to send a man 
in swimming after them. Either mode would be very inconvenient The detaching 
of the Upper Boat for this purpose would sometimes involve the loss of half an hour, 
or even more, (a serious matter under an Indian sun.) This amounts to saying that 
the nse of a Lower Boat for catching the Bods is indispensable to practical conveni- 
cnce, so that the addition of the hooks does not secure the advantages sought. 

On the other hand the presence of the hooks has inconveniences of its own : the 
spread of the hooks^being necessarily greater than the thickness of the Bod— pre- 
vents them lying flat on one another. This involves a constant transverse strain on 
them (which they are very ill able to bear), and also the occupying more space in 
packing. 

8. BO(f-motioi!| Experiments^ — A yery extensiye conrae of Experi- 
ment was undertaken to compare the Rod-Telocity (u) with the Mean 
Velocity past a yertical (U). This was tried in two distinct ways— 
L By comparing the Mean Velocities (U.) through various depths (i) less than 
the full depth (H) with the Bod velocities (k.) of Bods of Lengths (I) the 
same as those depths (s), (t.0., / = g), 
iL By comparing the Mean Velocity (U) through the full depth (H) with the 
Bod-velocity (m) of a Bod of Length (0 nearly equal to H. 

The latter is the more important in a practical view, as the chief use 

of the Rods in actual practice would be for measurement of the Mean 

Velocity through the Jull depth (H) on each vertical, and not through * 

part only of it (r). The course of Experiments for the latter (No. ii) 

was accordingly much the more extensive. The former research, howeyeTi 

is equally important scientifically as the latter. 

8a. Comparison i> Field-wobk.— The three SxBiss, Koe. 3, 4, 18 (of Sub- 
sorface work) were executed specially in such a way as to yield the requiute data 
via.» by ronning Bods and Double-Floata of same nominal depth of immersion (jLe^ 
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I = c) in pain together (eo that each pair ahonld be paflsiiig ihroiigfa the Buv 
dose together). 

[The •rder waA— Three Surf aoe-Eloata, followed by- 
One 1' Doable-Float and one 1' Hod, three times in raeoeasion ; 
One 2' Donble-Float and one 2' Rod, three times in snocession ; 
and so on down to the lowest depth (n feet) attainable]. 

It will be seen that this famished the data required : osing notation indicated in 
following scheme :— 

Depth (in feet) from snrface, 2=1, 2, 3, ...^(fi-l),«,...H=full depth. 

Discharge (past the depth s), D, = D|,D},D„ ..... Dn.i, Db»««.Db, or D. 

Mean-Velocity (throngh the depth «),U, = U|, Uj, U„ Un^i, U.,...Uh, or U. 

Rod-Velocity (of Rod of length i), «, = tcj, Uj, u„ ..... Ho-i, Mo, ... « 

The superficial Discharges (D,) past the sereral lengths « (= 1', 2*, 8', ... (»- 1)', 
n feet) of the rertical of fall depth H were calculated with the fonnnls glTcn in 
Ch, Xm, 2b from the velocities given by the Doable-Floats : the Mean Velodtiea 
(UO thxoogh each of theee depths (g) were found (as in C9i. XIV, 1) by the for- 
mula 

tJg z Dg -7- S| for every value of f|*.....M ••.... ••(^)* 

The Rod-velodties (each deduced from mean of timings of 8 Rods) were formed 
into SXTS and SSBim, and tabulated precisely in the same way as the Subsurface 
Velocities of these Sebiss (3, 4, 12), forming therefore corresponding pairs of Ssbies 
made up of pairs of corresponding Sbts emeeuUd to the gmallest detaUt under tha 
§ame ExUtnal Conditiom, as nearly as is possible in this sort of £>:periment 

The details of these Sebibb of Rod-velocities have been given as Series Kos. lOR, 
1 IRy 12R at pp. 98> 94 of the 1874-5 Report But as it is only proposed to compare 
the Average values of Ut, «. of a whole Series, (and not the values thereof for each 
Set separately), it seems sufficient to republish only these Average values ; these alone 
are now given in Abstr. Tab. 9- 

8b. Viseusdon of i.~A glance at the vertical curves given by the above (Fl. XII, 
Xm, Ser. 3, 4, 12) will show that in all three the maximum velocity line is depressed 
below the surface, from which it arises that — as may also be seen from Tab. 9— 
« The Mean Velocity-Measurements (UO from the Double-Float are at first 

greater than the surface velocity for a short depth below the surface, and then less 

than the surface velocity, and decreasing steadily downwards towards the bed '', (5). 
Now it will be seen from Ch. XTV, Gb that the error of the Mean Velocity me*- 
surement (lit') deduced from the Double-Float is generally as follows :— 

XJ, X U,' when r^ <> U/ (6), 

80 that m such a com at that of the Series in question — 

*' The differences (Ut^UO are at first -i- , then « , and increasing with the depth 

below the surface '^ m....... (7). 

But the Table quoted (No. 9) shows that, in these Series— 
" The ^fferences («x— Ug') aie at first + , then - , and increasing with the depth 

below the surface", ^ ^...^ (8). 

Comparing the last two Results it is seen that— 

. ** The Rod-velocity (ti,) exceeds and faUs short of the Double-Float Mean Velo- 

^^ (Ui*) in those regions where the latter is known to be short of , or in excess of, 
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the true Mean Velocity (U.), and the latter DifEetence («■— ITt ) inereaaes towarda 
the bed, mnch as the excess error of the Doable-Float Mean Velocity does ", ••.(9a). 
From this it follows that — 

** The Rod-yelocity (v,) iaprohahlp a cloter approximation to the Mean Velocity 
(Ut) through the depth s than the yalne (lit') given by the Doable-Float, especially 
when that depth (t) is a large fraction of the fall depth (H), in which case the 

Doable-Float is nsed at a disadrantage ", (9&). 

Now the determination of the Mean Velocify throngh the fall depth (H) is a far 
more important practical qaestion than its determination tiirongh any portion (e) of 
that depth, and it is seen that the nse of the Doable-Float is then the most disad- 
Tantageoas. This is obvioasly all in favor of the nse of the Rod for measorement of 
Mean Velocity past a rerticaU 

So. Comparison ii. — The preceding Experiments having given some 
confidence in the use of the Bods for measarement of Mean Velocity 
(Us) throngh all depths (z) less than the fall depth (H), a far more exten- 
sive Series of Experiments was undertaken for testing their nde for 
measurement of the (practically far more important qnantity) Mean 
Velocity (U) throngh the full depth (H). 

To effect this it was proposed to compare the value of Mean Velocity past 
a vertical deduced from the use of the Double-Float (as in Ch. XI V^ 5) 
with the Bod-velociiy of Rods sunk nearly to full depth* 

8d. FiBLD-woBE, Tabulation.— In execnting each Set of Sabsnrface work 

ivith Doable-Floats at the 1', 2', 8', &c, n feet (nominal) depths as detailed in 

Oh. X, 5 the general practice* was to obtain six measarements of Sod*Telocities after 
or at the dose of each SjbTi (Ch. X, 6,) naing always Rods of <* Length" (Q nearly 
eqaal to the fall depth (H). 

[The Rods being made ap only in the lengths detailed in Art 6, it zesolted that^ 
I being the ** immersed length", 

/ = ft feet nsaally when n is nearly eqaal to (bat <) H, ^ 

= (n-h 1) feet occasionally when n is several inches less than H, \ -(10), 

= (»- 11 feet occasionally when n > H, («ee Ch. X, 18, i), / 

where n = length of longest Connector in feet 

The ** velocity " dedaced (Ch. lY, 84a) from the mean of the timings of the six 
Bods was accepted as the proper measare of the Rod-vblooitt («) for comparison 
with the MBA2r VBLOdTTf (U) past the vertical dedaced (as explained in Ch. XIV, 6) 
from the particnlar 8BTof Doable-Float velocity-measarements which it accompanied, 
the Field-work for deducing both having hetn exeotUed in eonoert under nearhf the 
oame External Conditions. 

The two qaantitiea (IT, n) are entered together in Col g, and the ''Length" of 
Rod nsed in Col. 2 of all the Tables Vll— XXVin, for erery Set of Sabsarfaoe 
work, (except in Ser. 2.) To facilitate the comparison, the difference («« U) also la 
taken oat for every Sbt in Col. Q, Lastly, the Ranob, (i. «., difference between 

* oanied out in ereej BerlM esoept No. S. 

f In what foUowib m waU in Tab. YII— ZZVIll and 8, 4>tliaiue of the accented Ubai beta 
dropped for tbe Mean Vdocity-mesfliirement glTen bj the Donble-Hoat 
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I^atest and least,) and Ayesagb of these relodties (v, U) and diffeienees («-U) 
in each Sbbieb are entered in the lines i, v respectiyely at foot of each SsBlsa 

An Ahstract of these Results is also given in Abstr. Tab. 3^ t, ^s*» the Arerage 
Mean Telocity (U), Average Rod-Velocity (u\ and the difference between them 
(U" U), and also the Range of both U, u for each of the 46 Series. 

ge, DUcuation cf ii.— It will be sufficient to compare the Average values of U, « 
in the Abstr. Tab. 3^ 4. It was shown in Ch. XIV, 6b that, on the whole, the 
Average value of U might be expected to be in error as follows : — 

*< U is too great, when the max. velocy. line is high (Z not > about |H)",(lla). 
^ U is too small, when the max. velocy. line is low (Z not < about §H)", (11^), 
or again — 

««U is too great, when < v^", ..(12a). 

« U is too small, when > v^*\ (12A). 

Now if « be a closer approximation to the true Mean Velocity than U, then 

«< II should be < U in Cases (11a), (12«) ", (13a). 

«tt should be > U in Cases (lift), (12ft)", (18ft). 

[Of course no inferences can be drawn with certainty in cases approaching the 
critical limits, i.ft, when Z = 'SSS H nearly^ or (U - o^) is a very 9inaU quantity]. 
Now on examining the three columns of (« - U), Z -r H, (U - Vq) in Abstr. 
Tab. 3j 4 ; it will be seen that— 

^ (tt - U) is negative, <i.0., v, < U), in 31 out of the Total of 33 cases in which 

Z -7- H < + 'Si, (including cases when Z is negative) ", « (1^)* 

[The exceptions are only Ser. 4, in whSch u = IT, and Ser. 20, in which (u - U) 
£= •(- •03 : the Rods used in this last were only 8' long in a depth of 3'-99 ; had 
longer Rods been used, the value of « would certainly have been smaller, and possibly 
<U]. 

« (t* - U) is positive, (£.«., ic > U) in 6 out of the Total of 8 cases in which 

Z-4-H> + .34", (14ft). 

[The 2 exceptions are Ser. 34, in which Z -f- H = -392, and « = U, 

and Ser. 38, in which Z -5- H = .394, and (u- U) = - .10]. 

Also, <' (tt-U) is negative, (i.«., ic < TJ), in 32 out of the 33 cases in which 

U < »o"- [Tho exception is Ser. 4, in which (« = U)] ,....(15a). 

*< (tt - U) is positive, (t.«., u > IT) in 6 out of the Total of 7 cases in which 

(U - «o) > -10 'V (16ft). 

[The exception is Ser. 34, in which (U - v^) == + .16, and u = U], 
also, *^ (« - IT) is negative, t.0., «< U in all the 5 cases in which (U - Vq) is only a 

tmaU -f quantity not > .10" «. (ISft*). 

Thus on the whole the difference (u - U) between the Rod-velocity and Mean Velo- 
dty-measurement is of that character which might be expected («ee Resslts (14a, ft) 
& (15a, ft, ft') above) from the known error of the latter. 

It will be seen that all this is strongly in favor of the use of the Rods, and points 
to the important CJoncltision^ ^ 

<*The Rod-velocity of a Rod whose vertical depth of immersion is nearly equal 

to the full depth (H) gives an approximation to the real Mean Velocity through 
; the full depth (H) of that vertical generally chter than that obtainaMe by the uae 

eftheJ)oubld'Float",., „„ (16)w 
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9. Steadiness of Bod-motion.— It has been ezpluned (Ch« YI, 17) 
that there b a constant lateral interlacing of the stream-lines in conse- 
quence of which Floats (of all kinds) moye in a tortnoos path, edging 
Bometimes to the right, sometimes to the left. This irregnlarity of the 
float-path is far less in the case of the Rods than of any small Floats, 
(whether Bnrface-Floats or Donble-Floats,) as might be expected, becaase 
many of the transverse pressures dne to fluid particles moving to right 
or left must necessarily balance in the case of a Bod, and the actual 
<< Deviation " of the Bod to right or left is only that due to the unbalanc- 
ed portion of the lateral pressures. 

The principal source of the tedionsness of velocity-measurement with 
Floats, viz., the irregularity of the Float-paths, is thus much reduced 
in the case of the Bods. 

This is well shown in the following special Experiment on this point :— 

Sa. ErperimenL^A SQCcea&ion ot 100 S* Surface-Floats and 100 1' tin Tnbe- 
Roda of 9' length were run in 0$ rapid suecetiian a$ posttbUt (Surface-Float and Bod 
alternately,) down the mid-channel line of the SoUnf Embankment Main Site. Eyefy 
Float was timed in the nsnal way thiongh the 50* Bon, whether m fair eaune or not, 
And itB ** Deviation " to right or left of the centre in paaeing mider the Lower Rope 
recorded, with the object of comparing the maximnm Deviation ordinarily poasiblo 
with the two Instmments. The Besalts were {tee Tab. LXXTV)— 

8urface-Phaia, Max. deviation, to left 12' ; to right, II' ; Total 23'; 

JRodM. Max. deviation, to left 5' ; to right, 5' ; ToUl 10'; 

■howlng a far lai^r deviation with the Snrfaoe-Floata than with the Bods. 

Again, when in ase near the edge, the Rods do not partake (or at least not sen- 
siblj) of the constant $et of the sarface-water away from the edge, (explained here- 
after, Ch. XYU, 14a) : this enables them to be nsed closer to the banks, and also with 
longer Rons when near the banks than is possible with any other sort of Float* 

The two principal soarces of the tedionsness of velocity-measarement with FloatSi 
vis.— 

1^ Irregnlarity of the Float-path at all parts of the channel, 
2^. Set of the snrfaoe-water near the edge towards the centre, 
are thns mach rednced in the case of the Rods. This is a most important praetieal 
advantage, as it makes velocity-measurements vrith Rods easier, and^on the whole— 
qnieker of execntion than with any other sort of Float, (even though the Rods 
move actnally the slower,) because the proportion of Rods that run in '* fair course ** 
is much greater out of the whole number cast into the water than with any other sort 
of Float. 

Again, the variability of the Rod-velocity is markedly less than that 
of the surface- and snbsnrface-velocities. This may be seen by ezamin- 
iDg the '< Ranges " given for all the velocities at foot of each Series in 
Tab. VII— XXVIII, or more rapidly (for the case of r^, v^j v^, u only) 

2 H 
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by comparing the '< Banges*' given in Abstr. Tab. S, 4. An Abstract 
of the Total nnmber of Series in which the Bange of u is less than, and 
not less than, the Banges of i;^, v^^ is given in following Table :— 



Ij 


CBNTRAL YSBTIOiJ.. 1 


Mon-Ckktbal 
Vbrtical. 


«. 


J 


2 


S 




i 


li 


1^ 


-g ^ I Range of « < Bange of v^t 

g .g 1 Range of « = or > Range of v^ ... 

5 J^ 1 Range of « < Range of Vj^^ 

^® (Rangeof tt = or>Rangeof pjh* ••• 



8 


8 


11 
2 

10 
8 


8 


2 

1 


6 
2 

4 

4 


9 
8 

7 
6 


6 


8 
8 


35 
10 

26 
19 



The general Conclusion from the above, and indeed from the (very 
extensive) experience gained in the whole course of the Experiments is 
that— 

** Rod-motion is decidedly steadier (as regards both irregnlaritx of Float-path 

and variability of velocity) than the motion o£ small Floats" (17). 

10. Advantages of Bods.-* Admitting that Bods of immersed length 
(l) nearly equal to the full depth (H) do give a fair approximation to 
the Mean Velocity (U) past the vertical, the advantages of their use for 
that purpose — as compared with the Double-Float — are very great in 
the case of streams less than about 15' deep. 
The theoretical advantages are — 
** The Rod is free from the uncertainty attending the Instability and (unknown) 

Lift of the Sub-Float ", (18). 

*<The approximation to the Mean Telocity appears to be commonly actualljf 

closer than that given by the Doable-Float", • (19). 

The practical advantages are — 

<<The Resnlt is obtained more rapidly", (20). 

** The Instrament is more easily handled, and less delicate ", ««.m,(21). 

*<It is simpler in constrnction, cheaper, and more durable", (22). 

As the only other known process^-not involving the use of the Double- 
Float — of obtaining the same result (Mean Velocity past a vertical) with 
moderate rapidity hy direct Experiment, is that known as '' Integration " 
with a Current-Meter, a somewhat difficult process, attended with un- 
certainties of its own in addition to those inherent in the ordinary use 
of the Current-Meter, the above advantages of the Bona seem to justify 
the Conclusion that — 
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**For meaBorement of Mean Velodtj past a rertica], the Rods should aapenede 

all other InstrnmentB in cases favorable to their nse", ...•..•• (28)* 

The practical importance of this Conclusion is yerj great indeed. 

11. Conditions favorable to Bods.— In addition to the Conditions 
fayorable for the use of Floats (Ch. IV, 9) of any sort, viz.— 

^ A Beach of nearly nniform Cross-section and average bed-slope throaghont a 

great length", (24), 

it is also necessary for the favorable use of Bods that— 

^The Bed shonld be tolerably even, lengthways", ^ (25). 

"The depth shonld not exceed abont 15'",......... ».....«^ (26). 

11a. Condition (25).—- This is necessary to accnracy. It is clear, that^in order 
that the Bods may run " free "— t.e., withoat touching the bed— 

« In each Float-course the immersed Length (/) of Bod must be < the minimum 

depth along the Float-conrae ", (27). 

Thus the presence of a single iiolated ** bar " across the bed or across even part 
of the bed just above or within the BuK would be very unfavorable, as it would 
involve the use of an unduly short Bod, which would move with a velocity higher 
(and therefore presumably greater than the Mean Velocity sought) than that of a Bod 
long enough to reach nearly to the bed elsewhere. It would seem therefore that— 
''Boughness of bed, and especially the presence of isolated barsjust above or 
within the Bun, causes over-estimation of the Mean Velocitj past a vertical ",(28). 
lib. Condition (26).— This is simply a practical limit- 
There is obviously some length beyond which the Bods would be so heavy and un- 
wieldy as to be unmanageable : the longest Bods used in these Experiments were 11|' 
in length in about 12' of water. No great difficulty was fonnd in handling these in a 
current of abont 5 feet per second, and it seemed to the Author that there would be 
no great difficulty up to about* 15' length. 

[It seems possible, however, that the essentials of the Bods above described (viz., 
those of uniform thickness and uniform surface throughout the length) might be 
secured for greater depths by the use of some flexible material admitting of coiling 
like a rope. It should be specifically lighter than water so as to admit of heavy hading 
at the lower end : the tension produced would probably suffice to keep it nearly 
straight]. 

12. Preparation of Site. — From what precedes, it appears that a Site 
where Bods are to be much used should be prepared by '' dressing " the 
Bed and Banks as follows : — 

« The bed should be dressed for a length greatly exceeding the whole Bod-path 
(say not < 250') to a tolerably uniform cross-section and longitudinal slope, (vis., 
the average cross-section and bed-slope of the locality) ", (29<i), 

and,— 

<* The Banks shonld be dressed to a tolerably nniform slope (vis., the average 
slope of the locality) for an equal length (250') ; and, if likely to suffer erosion, 
should be protected throughout this length by revetting with masonry ", (296). 

• For the mod« of Heasnrement of Mean Yelodiy past a vertical reoonunended for greater depths, 
«MCh,Xiy,lS. 
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[The dresaiiig the banks to a nnifomi dope is essential to nse of tiie Rods with any 
convenience near the Banks and actnailj over the Side-Slopes ; anj ronghness in the 
Banks interferes most annojingly with the nse of the Rods (near the banks). The 
maaonrj lining need not be expensive : brick on edge laid dry will do veiy well, (sae 
Ch.ni.14,16)]. 

13. Discharge past a vertical. — The approximate Mean Yelocity 
(u) past the vertical of fall depth (H) being known, it follows that, (to 
the same degree of approximation,)— 

Discharge past the vertical (of depth H), or D sm. H» (80). 

With a bed on a uniform slope, the depth (H) is of coarse constant 
along a Float-course : bat with a rough bed, the depth along the Float- 
coarse varies, and it is not at once obvioas what quantity should be un- 
derstood for H in the above expression. On the whole the Avkraob 
Dbpth along a Float-course appears to be the best quantity to nse for 
H, partly for reasons given in Ch. V, 13, and partly because the Con- 
clusion (16) that the Rod-velocity is a closer approximation to the true 
Mean Velocity than the value (U) given by the Double-Float is bcued 
upon values of U computed for the Average Depth, 

For these reasons the Avbraob Dbpth along a Float-course, (obtained 

as in Ch. Y, 13—17) has been used for H in above formula throughout 

these Experiments. 

[It has been snggested to the Anthor that the minimum depth along a Float-oonrse 
is the proper quantity to nse for H in the above expression. This might be tme if 
the water were tiiU (le,, not moving forward) in the hollows below the level of the 
ridge in the bed which defines the minimum depth in question. But there is reason, 
to believe that the water is in motion in these hollows : in fact in clear streams with 
a sandy bed, particles of silt can often be seen moving gently along over the bed, and 
indeed the mere existence of the hollows points to sconr, t.e., motion of the water 
along the bed and in the hollows themselves (^see Ch. Ill, 4). Thus the lainimitm 
depth on a Float<conrse does not seem to be the proper quantity to nse for H in above 
expression]. 

14. Instrumental Errors. — The only obvious possible sources of 
error inherent in the Instrument seem to be — 

i. Tilt of Bod. ii. Shortness of Rod, 
14a. Tilt OV Rod.— The oanse of the ^ Tilt" (or obliqnilj of position) of the 
Bod has been explained in Art 3, 4. The practical effect of this Tilt is to make the 
vertical depth of immersion (and therefore the *' effective length ") of the Bod 
somewhat less than its immersed length. The Epror caused is therefore similar to 
that due to nse of a short Rod which will be considered under the next head. 

With well designed Rods, in which the centre of gravi^ is low down, the Tilt la 
always small, so that the error doe to this caose is quite trifling. 
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14b- fiA«fffM«f(<iZocL'^It if olMT that tb« Hod--who86 yertiealdei^ 
menioii (/) is neceasaiilj leu than the fall depth (H)^iiot penetntiiig into tii« 
lowest flnid strata, is not directly affected bj these lowest (and therefore slowest 
moTing) strata. It wonld seem therefore probable atfirgt nght that the Bod-Telo- 
city («) is always necessarily greater than the real Mean Velocity (U). This, 
howerer, by no means necessarily follows, because the Rod-relocity (no of a Rod of 
length (i = s) is not reaUff equal to the Mean Yelocify (Ui) thronghont the depth 
(s = of immersion of the Bod, bat M/jf nearlff equal, so that it is qoite poasihle 
there might be a compensation of errors otherwise apparently doe to this cause. 

The Experiments above discnssed do not indeed actually prove this, but they leare 
it probable, because they show (ue Art 8b, 8e) that, denoting the yalue of the Mean 
Velocity through fM depth (H) giren by the Double-Float by U', 

v < IT' in cases where U' is known to be too great, •••• ^....M.*..(31a)« 

« > U' in cases where IT' is known to be too small, «. (dlft). 

It is of course quite possible that the ralue of u might be actually too great tn both 
easee ; but, if it be adoiitted that the value U' given by the Double«Float be any 
tolerable sort of approximation at all, it is much more probable that the value u ia 
not always too great. 

In fact all that can be said h priori so far is that«^ 
** The Rod-velocity («) of an unduly ehori Bod is greater than the Mean Velocity 

(U) past its v^tical", • •••••• •••••••••• ••••••••••••• ••••••••••••••••••.(82). 

But it will be shown in next Chapter (Ch^ XVI, 10), that— 
** The Rod- velocity (««) of a Rod (whose depth of immersion is Z ss t) is leu than 

the Mean Velocity (U.) throughout the eame depth (a), a being < H 'V (88a), 

or in other words that, for the ordinary use of Bods^ 

« The Mean Velocity (XT) past the vertical of tiie full depth (H) is equal to the 

Bod-velodfy (ti) of a Rod whose vertical depth of immersion (Q is somewhat < the 

full deptii (H) '», (884), 

BO that there ie in fact the compensation of errors spoken of. 

This very important Result ditposee of one of the principal ohjectione hitherto 
urged against the use of Rods^ [For fuller discussion, tee Ch. XVI, 10, llj. 

15. Other Opinions.— These Conclasions (d3a, li) are contrary to the 

hitherto general belief: the present Author has not, however, been able to 

find any considerable amount of eridenoe in support of the belief that the 

Bod-Telocity is necessarily greater than the Mean Velocity past the 

yerticaL 

ISa. Lowxll EXPTS—In this Work the Oondudon is advanced (Art 179) 
that the Rod-velocilj ehould be always greater than the Mean Velocity past the same 
vertical for two reasons— 

1^ In consequence of not partaking of the irregular intimate motion of the 

waton 
2*. In consequence of not reaching into the slowest fluid strata over the bed. 
The first objection is merely that quoted from Weisbach (eee Ch» IV, 7f), and 
already disposed of in the Article quoted. 
The Experiments made to test the second point were 11 in number, (lAwell Expts., 
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Art 179— 185, and PL XI : the dimendonfl giren below are onlj appnnimate» being 
mostly taken by scale from the Plate quoted). 

Water was admitted from a Canal abont 80* wide into a narrow lock-channel 
(atone side of, and parallel to, the main Canal) abont ISO* long by 20' wide, the npper 
portion of which was of uniform rectangular section for a length of 140' fnHn the 
head ; the remaining 40' length was not quite so regular. This 20' channel tenninat- 
ed in the lock-passage, which was only abont 12' wide, the contraction taking effect 
wholly from one (the left) bank. The lock-passage contained two lock-chambers, of 
abont 110* and 90' length respectiyely, the npper lock gate being about 25' below the 
head of the passage. 

Velocity-measurements were made in the npper nuiform 140' length at many differ- 
ent points of its breadth with loaded 2' tin Tube-Rods nearly reaching the bed, and 
from these the Total Discharge was computed mach in the same way (though with 
different formule) as that used in the present Work, (Ch. XIX, 8, et ieq,) 

This short uniform length within which the Rod-velocities were measured is termed 
a* Flume. In the first four Experiments the Plumb was 20^ wide (being the full 
width of the channel). In the remaining seven Experiments a wooden partition was 
inserted along the central line of the 140' channel throughout its whole length, thus 
dividing it into two chambers each 10' wide ; the right chamber was dosed up, and 
the left chamber used as a Plumk. 

The lower lock-chamber was — for these Experiments — enlarged about 25' from its 
head into a nearly square basin about 84' x 32', from which the water was discharged 
through three rectangular openings (or weirs) of abont 27', 24', 27' in length in three 
of its sides. The depth of water passing over the three weirs (in no case exceeding 
one foot) was found by taking the water level at 4 points inside the basin with- 
'* hook-gauges". The Discharge passing over the three weirs was computed by a 
certain formula first proposed for this purpose in the same Work (Art 124, et $eq,) 
The two Results, viz., the Discharge-measurements in the " fiume " and over Ihe 
^ weirs " will be called for shortness the Flume-Dischaboe, and WEiB-DiSCHARas. 

Comparing the Results in the II Experiments^ 
Plume-Discharge > Weir-Discharge in 9 cases ; max. excess 4 percent 
Plume-Discharge < Weir-Discharge in 2 cases ; max. defect 1 per cent 

The excess in the 9. cases was always very small, viz. — 
4 per cent, 2 cases ; 3 per cent, 2 cases ; 2per cent, 2 cases ; 1 per cent, 8 caaeSb 

The Conclusions gifen are (Art 184, op, cit)^ 
" comparing all the results, however, we may say, Ut, that, generally, there is 

fi small excess in the results of the flume measurements, over that by the weirs ; 

2nd, that this excess increases with the velocity in the flume ; Brd, that the excess 

increases also with the difference between the length of the immersed part of the 

tnbes, and the depth in the canal *\ 

It appears to the present Author that it by no means follows that the Plnme-Dis- 
charges were really larger than the True Discharge, as it may well happen that the 
Weir-Discharges (with which alone they can be compared) €tre themselves a little too 
tmaH And further, the number of Experiments was too small (only 11), and the 
amount qf exeeae too small (see above) to warrant any broad generalizations. It may 

• TUB tenn, Flvmk, \b now med by American hydraolioiaasln the senseof a short uniform chan* 
ael piepaied for DiflcharBe-meafaremeato. 
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well happen that the smaller ezcesses of 1 and 2 per cent are mainly eirora in the 
Weir-DiechaTge doe to the distorbed state of the water (Art 180, op, eit) in the 
Weir-Basin. 

[As the depth on the weirs in no case mnch exceeded one foot, (i(.,) an error 
of *01 of a foot in determining the water-level wonld cause an error eseeedinp 1 per 
cent, in the Discharge given bj the Weir-Formnla.J 

Again, the Flames nsed were extremeUf unfavorable to the proper nae of the Bods 
in the following points :— > 

V. From their shortness, (only llO*). 

2^. From the rery great differences in width of the Snpplj- channel (80'), of the 

Flames themselves (20' and 10'), and of the Exit-channel (12'.) 
3^ From the very nnsjmmetric position of the Snpply-channel, Flames, and 
Exit- channel : this was especially unfavorable with the 10' Flame, which 
(being on the left side of the lock-channel, whilst the exit-passage was on 
the right side) was directly opposite the obstrnction by which the 20' channel 
was contracted to the 12' passage. 
4^ From the very great changes of level from the bed of the Flame to the 
bed of the Locks (drop of 7'), and from the bed of the Locks to the sill of 
the three discharging Weirs (rise of 11'), all occarring within the short 
distance of 218' below the tail of the Flame. 
This led to an extremely irregular distribntion of the Telocities across the channel, 
(as may be seen from f 1. XV of same Work), which was of coarse ver^ unfavorable 
to the nse of the Bods. The remarkable closeness of the agreement of the Flume- 
and Weir-Discharges under such circumstances is in fact greatly in favor of the suffi- 
cient practical agreement of both processes (without necessarily proving anything in 
favor of either). 

Ko opinion is in fact given in the Lowell Experiments (1855) as to the compara- 
tive accuracy of the two ExperimentB^ but it appears that the Author was subse- 
quently convinced that Bod-velocities give too large Besults. This appears from a 
passage in the Mississippi Beport (p. 809) wherein a certain " co-efficient of correo- 
tion " is proposed,— 

CJo-efficient = 1-000 - 0-116 ( / 1 - ^ - O-l) 

to be applied to Bod-velocities, upon (unpublished) information supplied by the 
Author of the Lowell Experiments. The Mississippi Writers are evidently (p. 809 
ibidem) convinced of the propriety of some co-efficient* of reduction. 

16b« Shine Experts, (Verslag aan den Eoning,t by Heemskerk, 1876).— It is 
herein stated (p. 192 of above) — 

** In 1878, Discharges of the ^re branches of the upper Bhine were taken with 
ErayenhofPs staves : in the autumn Wolbnann's meter was used. The results ob- 
tained in 1873 gave reason to conclude that the staves furnish data deviating widely 
firom the indications obtained by the Woltmann meter which they exceed." 

Again, it appears from (p. 193, ti.)that the Erayenhoff's staves were not consider- 
ed trustworthy, but the details are not given on which either of these Condnsiona 
were arrived at 

* The evidenos of this oo-effldeat (which is one of rtdudion) is not known to the Author, 
i This ref flcenoe wm Undly goppUed (with translatioD) hy Mr. B. Gordon. 
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THEORY OP ROD-MOTION. 

Prefaei^—TbUM ChApter oonttins a matlhematical inTestigfttlon of the Tbeoix of Rod-tfot!oa. 
The reader who is not Interested in the mathenutioal details sboold reed only Art. 1, 10, il, it, 
which contain the practical Beeolts. 

1. Bod-Hotioiii Fundamental Equaiion.~^The following is an inTesti- 
gation* of the question of the actual Rod-yelocity (u), i.e., of the real 
Telocity of a long Bod after attaining the state of relative equilibrium with 
the cnrrent, after which of coarse the Total Forces of Acceleration (F) 
and Retardation (S) acting on it must be balancedy leading to the 
fundamental Equation, (compare Ch. XY, 3)~- 

F + B = 0, (1), 

from which sole equation it is proposed to determine the Rod-Telocitj (u). 
2. Notation, (FL LQ).— The UTestigatioii being a somewhat complex one^ 
it is well to take such axes of reference as will lead to simple expressions. For this 
reason the line (a A) of maximum velocitj, and a vertical line thioagh tiie vertex (A) 
of the curve, will be taken as coHxtdinaie axes. 

[PositiTe ordinates are measnred downwards from the axis aA, so that upward 
ordinates as ah in Fig. 8, 4, 6 are negative]. 
The following Notation will be used, (tee PI. LII}^ 

Z = Distance (ah) of surface bB from axis aA, (negative in Fig, B, 4, 6). 
Z^ =: Depth of foot I of Rod Id below axis a A. 
h S3 Dq»th of Rod velocitj-line eC below axis a A. 
A = „ H I, n below surface bB, 

Kq = „ of Mean velocitj-line below surface IB* 
i^zz „ of immersion of foot / of Bod „ ,, 
b sr breadth of Sod. 

m = reciprocal of parameter (1 -f-ir) of velocity-parabola. 
V = velocity (pP) at any distance ap=st from axis a A. 
v^ s= surface-velodty (bB) at distance ad = + Z below axis in Fig, V 

n t» »9 n = * Z above axis in Pig, S, 4, 5. 

y = maximum velocity (aA). 

u ss velodfy (0C) of Rod "LI at distance s = A below axis. 
F = Sum of Accelerating Forces on Rod, ie,, on all farts wherein o > «. 
R s= Sam of Retardating Forces on Rod, t.tf., on all parts wherein v < «. 
S« General EzpressiOlia for P> B. — ^Now according to the nsnally accepted 
experimental Results on the effect of pressure and friction of a current on a emaU 

* The inveiUs&tioii in this Chapter \b now pabllahM (it ii bellevBd) for the flnt time. Most of 
the mathflDMUml work hei been verified by Ueatr J. H. C. BMripoa, BA: the nnnnlod detoito 
have all beea verified by a good OQBipnteK. 
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portion (of height dt) of a eylindric Rod (of diameter h) immersed in it, the combined* 
Remltant Pressure and Friction on it are proportional to the area directly exposed 
{whU) and to the square of the relative yelocitj (v - u) or (u - v) of the Bod itself («) 
and of the current («) at the part in question, i,e., 

Resultant Force on small ) Acceleration = fi(p- uy hde, when v > u,»,^,(2a)f 
segment vbdz is i Retardation = - fi («- o)' bdss, when u > v,..mm(2(), 

where fi is a constant depending on the nature of the surface of the Rod. 

Hence the Resultant Force on a finite segment of length (a- h) (i^., lying be- 
tween the limits z=a,» = h)ot such a Rod is— 

„ , „ ( Acoeleration,F =suhi (p- «)* <^*> '^^cn » > «, (8fl), 

Resultant Force on se^-J ' '^c/ • ' ^ ' 

mentfrom«=ato«=5is^ y«b 

[ Retardation, R = fi5/ (u^v)*dt,y^h&iu>v, {SI), 

or adopting the abbreyiation f(v^ uf dM=:^ (c), - (4> 

Acceleration, F = fi& . [^ (2) - (a)], when v>u throughout, (5a). 

Retardation, R =:-/i5 . [^ (6) - ^ (a)], when u>v throughout,. (fih). 

It remains to apply these general expressions to the velocity-cunre. To giye the 
inyestigation a high degree of generality, it will only be assumed at this stage (from 
the results of experiment, see Ch. X, 8) that — 

" The Average Velocity-Curve is everywhere oonvex down-stream ", (6), 

ie., of the general figure shown on PI. UL 

Several principal cases occur according as the maximum velocity-line a A (PL UI) 
is above, in, or below the surface ; and when below the surface there are three principal 
cases according as the Rod-velocity (k) is less than, equal to, or greater than, the 
Surface-velocity (r^). These Cases are shown separately in Pig. 1 — 5 of PL UI ; 
the Rod itself is shown by the thick line U, its head being L and foot I in each 
case, so that cC represents the Rod-velocify («). 

The following Table shows the values of the Resultant Forces of Acceleration (F) 
and Retardation (R) for each Case :— 



• 


i 


Podtionof 
Maz.Tdodi7-Linei 




Acceleration (F) and ReUrdatlon (B). 


• 


i 


Sag. 
ment. 


Umltaotc. 


Tilanotr.B. 


M 


i 
u 
iu 

iT 

T 


1 

2 
8 

4 
5 


Above surface, « < Vo 
In surface, Z = 

Below surface, 11 < «» 
Below surface, « = v^ 
Below surface, « > t^o 


LC 
0/ 
LO 
C/ 
LO 
G/ 
LO 
0/ 
C'C 
LO' 
&0/ 


Z,h 

A.Z' 
0, A 

A,Z' 

-Z, A 

A.Z' 
-Z=-A,A 

A,Z' 

-A, A 
-Z,-A 
&A,Z' 


F=mJ[j}(AW(Z)] 

F=;iJr#(A)-f (0)] 
B=-^[MZ')-*(A)] 
F=M* [#(*)-> (-Z)] 

F=^[^(A)-#(-A)] 
B=-;.J[*(Z0-*(A)1 


(7a). 
(7J). 
(7c). 
(7<0. 
(7»). 



• Bet Raaklne'i •* Muoal of AppUed Medbanics " (1872), Art. 65S, for Remlta as to ] 
and Ponodet'i "Introduction A la M^canlqne Indnstrielle " (1844), Art 887, 888 for Bissnlte as to 
friction. 

2 I 
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4. General Eqnatione.— Snbstitating Oiese taloM of F, B into the foodft- 
mental eqaatdon F+ R = 0, the following result as the equations of oniform motioii 
in the fire cases, (after divieJon bj fih, and re-arrangement). 

Ca$e I 2^(A)-^(Z')- ^(Z)=xO, (8a). 

Ca$e it 2f (*)- ^ (Z)- ^ (0)=0, (8*). 

CaseiiL 2f (A)-^(Z')- ^ (-Z)=0, ^ <8c). 

Casi ir. H (*)-♦ (Z*)- f (- A) = 0, -..(8i). 

C«i» T. 2f (*)-f (Z')-2f(-A)+^(-Z)=0, (8e). 

There are some other Cfases (varieties of Case t) arising only in the nse d Short 
Bods for a special purpose, ris., when the maximum velocity-line is deep seated, and 
the Rod is too short to dip below the level cC. These cases are of litfle practical 
interest, as in practical use, the Rods would only be used nearly reaching the Bed. 

The first two terms of the above five equations are identical. The first four equa- 
tions may obviously be included under a single form, either (8a) or (8e) by simply 
varying Z ; similarly Eq. (8«) merges into (8i) when Z = A. Thus there are two 
general types, viz., £q. (8a) or (8«) and (jie) separated by the critical form (8i),into 
which they both merge when Z = A. 

6. Vdodty-PftraboUu— The preceding Results are p«/«?r^y«»«"al,t.e., they 
are independent of any hypothesis as to the figure of the Average Yelociiy-CAarve 
(except that it is assumed convex). To produce any definite wlutUm^ 1. 1., to enable 
the integration denoted by the symbol f to be p^ormed, some geometrical figure 
must be assigned for the yelocity-(^ve, and in accordance with the Results of 
Ch. XI, 7 it will be assumed to be a common parabola. 
Refeoed to the axes chosen, the equation of this parabola is— 

v-v = «»*, ^ (d). 

whence, V-ii = f»V, andr-« = «i (A'-^Or • (»«> 

Hence, ^{jL)=.f{v-uydM^mf{]k^-2hH^^^)dM, 

= m. (A*t-| AV+i t*), (10). 

Hence also. i (o) = 0, ^ (A) =t«V «** (X^)f 

and, in general, ^ (-•) ="# C«) 0<»). 

LThis last proper^ (lOO is in no way peculiar to the parabola, but is (as may be 

readily shown) common to any symmetric wholly convex figurej. 

6. Praotical LimitB.— -^ • preliminary step, and to confine the investigatiott 
within due bounds, it is necessary to assign some limits to the variation of position 
of the parabola-axis (defined by Z), upon which the position of the Bod-velodty 
line (defined by A) will be found to depend. It wiU be assumed as known from Mx^ 
perkunt that l$ee Tab. S, 4)— 

<* The elevation of the maximum velocity-line above the sorface is not known 
toexceed the full depth (H) of water" (Ha). 

•*The depression of the maximum velocity-line below the surface is not known 
toexceed the half depth (H) of water ", (11*), 

or in symbols — 

Case i. A9U alwe tttrfaee, Z not > H, or not > iZ', ..«• (ISo)* 

Case v. A»is Mow surface, Z not > |H, or not > Z', (1S&). 

7. Parabolic Equations.— Intoodncing the values of ^ (f),^ (*), &c, from Eq. 
(10— lOQ into the general equations (8a— e) and attending to the limits of Z in each 
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» these eqiMtiomi take the following epeeud toms (after feduction and amoge- 
ment) dae to the parabolic figure of cnr?e. A sizth Gaae has been added oorreepond- 
lag to the lowest (mid-depth) positioa of the azia to complete the scheme. 



CUn. 


Umiti 
atZ. 


PmboUo Xqaationi. 


Bolntlon 

pr«iu6of*^za. 


Bwolt. 


' 


•M Alt. 8, 9. 




i 


|7toO 


16A»-16 (Z'+Zy A«+10(Z'»+Z») A«-8 (r»+z») = 


depends on Z-f-Z' 


09a). 


u 


Z = 


16*»- 16ZA*+ 10 Z« V-8 Z^ = 


•6106 


(IW). 


m 


Otoh 


IW- 16 (y-Z) A«+ 10 (Z»-Z») A*- 8 (Z**. Z») = 


depends on Z-T-Z' 


(18<^). 


if 


ZsA 


24A»- 15Z*&*+ 10 Z" *•- 8 Z" =0 


•5615 


(IW). 


y 


AtoZ* 


82A»-15 (Z'+Z) *«+10 (Z^+Z^ *«-8(Z'»+Z0=?0 


depends on Z-r-Z* 


(13*). 


▼i 


ZbZ* 


1 W- 15Z'A*+ 10 Z"*'- 8 Z» a 


•6106 


(IV)- 



The eqoations are seen to be all homogeneooa, and therefore snffice (except for 
algebraic difficulties) for determining either of the ratios h-^Z, A-f-Z' in terms 
of the ratb Z -^ Z\ 

This shows that— 
"The relative positioa of the Rod-velocity-line (defined bj the ratios A -f- Z, 

A -7- Z^ depends onlj- on the relatiTe position of the max. velocily-line (defined 

Vy £» ^^ ^ / f •••••••^••••••••••••••••••f..*«»...».««.«..a.*««.«..M..a..*..M.«M««»»a»a*a*.**»*(14)« 

This is of coarse analogons to the idmilar property of the Mean Velocity Line, 
(Ch. XIY, 9d, (87a)). As before remarked, the Equations fall nnder t¥Mf types, ris., 
(18c), (18tf), all the rest being obtainable from these two by simple variation of Z ; 
tiiese distinct types being separated by the critical form (18^ into which both merge 
when Z=zh, It is worth remarking also that the final form (when Z = Z*) is the 
same as the form given by Z = 0. 

8. Solntioil.*- ^0 A preliminaiy to practical solniion, it is convenient to divid« * 
the equations' throogh by Z^, npon which they appear as equations giving the ratio 
A-s-Z* in terms of the ratio Z^Z*. The equations being of fifth degree in both 
xstios, it is impouible io solve tk&m in a general manner^ so as to exhibit the value 
of the ratio A -£- Z' in terms of the ratio Z 4- Z'. But definite mtmerieal solutioDS 
may be obtained for any given numerieal values* of the ratio Z-r- Z', and this will 
serve equally well for all practical purposes. 

It may be shown* by the Theory of Equations that— within the assigned limits 
oCZ- 

*< All the equations have one, and only one poative root", (15a), 

''That root (value of A4-Z^ Hes between and+ 1 *', (166), 

the physical wMMin»«g of which is that below the maximum velocity-line there is a 
single 8tream*line in which the velodfy is equal to the Bod-velocity, a Besult which 
is otherwise obvious from physical considerations. 

The solution of the three CSases ii, iv, vi in which definite numerical values are 
aadgned to Z may be shown* to be A -f- Z* ss •eiOfi, *5615, *6106 respectively as given 
in Table above. 

* 8m any Work on the Theory of Bqutlons. The numerical detail involved in the praeeai ii go 
heavy thai f t if aot given hen ; loiBoe to lay, that it haa been oarefnlly checked by a oompofew. 
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9f FAAonoAL BoLunoH. — It remaiiig to transfonn the eolation jart 
found 80 as to exhibit the depth (h) of the Rod-yelooity below ths sur- 
face (instead of the depth (h) below the axis of the curye as given by 
above), as more convenient for practical purposes, and to compare this 
with the depth (h^) of the Mean Velocity below the sarfsce. For this 
purpose it will obvioosly suffice to compute the ratio I; -f- 2, and compare 
it with the ratio h^ H- H. 

Obsernng that in forming the ezpiessioDB (7a— «) the algebraic signs + have 
already been attached to the quantities h, Z when measured upwardif it is dear that 
the quantities ^ Z, in the resulting equations (8a — e), (ISa-^f) are to be reekaned 
p0itl^e,8othat— 

*=Z + A, Zcr Z + Z', ^ (I6a), 



whence. 



I 



Z 
'Z+Z' 



and -r-= 



Z + A 



T"" z + z*' 



..(IW). 



Hence the values of Z-^-l, il -r i for the three definite Cases ii, ir, vi of Art 7, 
are as shown below : the values of Aq -r 2 have been found by making H = 2 in the 
Besnits of Ch. XIV, 9d. 



One. 


z—z*. 


A-f-Z'. 


Z-i-U 


*-!-/• 


*o-^^ 


DifferenoM 
(»-fl-Ao-ri). 


Remit. 






•5615 
1.0 


.6106 
.6616 
.6106 




•8696 

6 


•6106 
•7192 
•8068 


•677 
.681 
•789 


.084 
.088 
•016 


(m). 

(I7rf). 
(17» 



The two Columns k-^-lfh^-z-loi the Table show the relative depths of the Bod- 
velocity (viz., A -r <^^ Mean velocity (viz., h^ -7- /) corresponding to the three 
relative depths of the maximum velocity-line (viz., Z -7- of Cases ii, iv, vi, (viz., 
Z -f- /=0, .8696, .6). It will be seen that A -f- ^ > A^-^ /in each of these throe 
cases. And from the continuity of the expreuiom in £q. (18a—/'), (each passing 
into the next by variation of Z as shown in Art. 7,) it follows that this property is 
generally true, viz.— 

<' The ratio A -^ ; > h^^^l (within the limits of Z assigned) by a few hun- 
dredths, not exceeding -04 ", (18a). 

10. Practical Results.— The last Result may be thns expressed— 

"The Rod velocity-line is— within the limits of practice (Art 6)— always iome' 
what more deeply teated than the line of Mean Velocity past the immersed portion 
of tiieBod", (18*). 

This shows at once^ attending to the figure of the Vertical Velocity- 
Carve, that — 

'' The Rod-velocity is— within the limits of practice (Art. 6)— always eommehat 
leu than the Mean Velocity past the immersed portion (LO of the Rod'V«..(18c). 
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From the above the following impottant prsctioal inferenoe may be 
at once drawn :— 

''The depth of immersion (0 of a Rod dhonld be— for mere aoenracj of net- 

nrement of Mean Velocitj past a yertical— decidedly less than the f nil depth (H) 

on tliat yertical"i - 4.......*.....««m..(19). 

Inasmach as the practical use of a Bod necessarily entails this yery 
same state of things (viz., depth of immersion < fnll depth), the aboye 
cannot fail to be regarded as a most important practical Besnlt, inas- 
mach as it removes what has hitherto been always supposed to be a 
eerions objection to the nse of Bods on the score* of accuracy. 

11. Proper Bod-Lengihir— To give the above Besnlt its fnll practical 
valne, it would be desirable to show— if possible — what length of Bod (/) 
fihould be used in a given depth (H) of water. Unfortunately the nature 
of the case does not admit of this being done d^nitiveli/f inasmuch as 
the ratios h 'i- l,k^-z' l,h ^t- Ktae not constant, but depend on the 
relative depth (Z -r Q of the maximum velocity, a ratio which is both 
variable and unhnoum a priori. 

But the desired Besult may be obtained sufficiently nearly for mast 
practical purposes as follows :— - 

For Eq. (85) o£ Ch. XIV gives h^ in terms of Z and H ; also the accnrate nse of 
the Rods requires that the length of Rod (f) should be such that the Rod-yelodtj 
and Mean Velocity-liDes should coincide, or ^ = h^ Snbstitating this yalne {h=ih^ 
into the Result preceding Eq. (35) of Ch. XIV, there results-— 

4«-2Z*= iH«-ZH, •.. (20)^ 

Thismay bewritten, { (*)'- 2? T } • ^ + 7 • ^ = h (^Oa). 

This is the final equation from which the Talae of 2 -r H may be found when the 
yalues of A -r 2 are known for given values of a -7- 2t The values oik-^l resulting 
from solution of this equation for the 3 values of s-r / found in Art 9, are shown 
below- 



z-^i. 



i-^i. 



l-^H. 



Z-f-H. 



orAo-rH. 



n» 
▼if 





•3596 
•6 



•6106 
•7192 
•8053 



•945 
•927 
•960 




•333 
•475 



•577 
•667 
•765 



(2U)- 
(21rf). 

(21/). 



The relative depths of the maximum velocity-line (via., Z -J- H), and of the coinci- 
dent Rod-yelodty and Mean velocity-Unes (viz., A-f-HandAo-r-H)"©*^ "town 

• It taaving bean nippoied Utherto (<«« Ch. ZV, Hb) that a Hod only Bllghtty shorter thin 
the fan depth neoenuily moved ftttor than the Mean Velodty paft the vertical. 
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hk^twohtieBimam: tfaeCaoMr C2-^H)waltalli]^lBattipIJiBg tibe 

iatio0^X'g-»aadti»twolalte(il4-H,i^,^H)l7nl^ nonte 

^ttgnneBtoC ^'eootiiiiiity'' of tiie algebnic ezpranons almdj ued in Art 9^ it 
•qpMlty foDowB hfln tiiaft tbeiitiosl^-Ht Z-^^ ilH-Hvin T117 c^^ 
Thm tt appears thai— 

«Tlie proper lengtiiof Bod dioiildTaiyfipoiii IMS to -927 of <iie full dcpKh aa 
Ibe marlmmn Tdoetftj-line anks from <iie soifaoe to f-dqitli, and from -987 to 
-»60af<iiefidldq^«a the mazimimTdodty-llDe rinks from fdepfli to about 

VUO^QtfpO^ y*********** ••»••••• aM- •••••••••••••••■••••••••••••••• •••••••••■••■•••••••••■•••••••I ^3Bi» 

Ihe Tarialioii from *950 to -927 ia ao dlglit^ that for all practical pur- 
poaea it win probabl j be a anffideiit approximatian to nae an ayerage 
Tdne aay *9^, in all eases, thos— 

** Thepioper lflDa;th of Bod 18 approziniatel^ ^94 of the fnU dqvtii of water^ 
And seeing that the depth of the maximum yelocity-line upon which 
diia ratio depends is nnknown hpriorij the apfiroaamaU constancy there- 
of (within the Ihnits of practice, Art B), is an important practical Besolt, 
as removing any mioertainty as to the proper length of Bod. 

(Ttnugrbe objected that no practical nse has been made of tiie aboive Besolis 
(SStfy h) in these Experiments, (the Bods nsed haying been made 19 in Sets of fixed 
Uagtfis, Ch. XY, 6). Unfortnnatel j the possibility of bringing this inrsstigatioa 
(which is beHered to be qmte new) toa snceeaBfolisBnef onlj ooeured to the Anthor 
after the dosme of the Field-woik. It is, moreover, doubtful whether practical eon- 
Twience would admit of frequently adjusting the Bod-lengths to a Tsriable dq>th of 
water, m required by Besnlts (a2a, »> Bods of fixed lengths vaiying by maa inr 
eremmU would be more coQTenient for practical use, and would probably meet the 
vequiements of Besults (82a, ¥) snflldently for practical puiposes if the increments 
were small enough (say S^]* 

12. BewiU true en ike a««na^€«— The whole of the nmnerical Besnlts 
of this Chapter depend npon the approximately parabolic figore (now 
generally admitted) of the Ayerage Vertical Yelodty-Oarre, and are 
therefore so far only Bhoum true aa Average BeeuUi, and cannot he ex- 
pected to obtain in single Telocity-measnrements : bat in repeated Tclo- 
dty-measorements they may be accepted with confidence. 



END OF PART JI. 
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CH A P T E E XVII. 
TRANSVERSE VELOCITY.CURVES. 

/¥tADM«.--^TIiliOlliapUrooiitaiiufimdetai]gof tli«Bzpflri^ figitiv 

of tlM TMnirem Ydooliy-OniTee with detailed diaooirioii of tlieir chief propeKOci (Art. 8«>lft)« 
Th0 BiOBt important Arttota ue ArU 1 -S, 6, 6, eh, flo, 8-9b^ IS, 18, Ut, IS. 

1. TxanBvexse Veloeity-Onrves.— The meaning of this tenn has been 
defined (Ch. I, 9) as— 

*'Carvw whose ordinates are the ' forward telodttea * at all points of a Trans- 
vene Base lone in a cross-section '\ 

The importance of these Gnrres to both Theory and Practice has already 
been explained in Ch. I, 10. Mach and continnons Experiment was 
accordingly devoted to this research. The Onrres studied were-* 

1% 5iii/a<T«V0toci<y-afrtw,attheSol&niAqaedactandEmbankt.(Minor)Siie^ 
S», Mid-depth Veloeity^wvea, at the SoUnf Bight Aqnednct Sit^ 
2^, Bed Vtlodty-Cwrvut at the Sol&ni Bight Aqnedact Bite, 
4®, Jf(Mji YOoeitff^wvUi at all the Sites, (except the Solinl Embankment Minor.) 
The three former are probably the most important for Thbobt ; bnt 
the last is so mach the most important for Praotioe, from its giving the 
data for computing the Cnbio Discharge^ (the most important of all the 
Hydranlio ResnltsJ that by far the greater portion of the iystmatic 
Experiment was devoted to it. 

The Experiments were made under varying conditions of water-level 
at each Bite as shown in Tables A, B on pp. 248, 249. 
The following is an Abstract of the Tables in question :— 
Surfaee^VOoeitp work, 10 Series comprising 109 Sets at 4 Sites, 
Middepth-Velocity work, 2 Series „ 17 Sets at 1 Site, 

Btd-Veioeihf work, 2 Series „ 7 Sets at 1 Site, 

Mean Velocity tMrk, 100 Series „ 581 Sets at 11 Sites, 
showing that by far the greater part of the time was devoted to the last 
(the most important work). But not only was there far more in quantity 
of the latter work^ but it was done under much more varied conditianB 
than any of the others (eu Tab. 82) : the work for instance in the Bight 
BoUnf Aqueduct with the Left Aqueduct closed; and also the work at 
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Tory low water were solely of this kind ; these conditions being both of 
rare occnrrence, and therefore proportionately yaloable when they did 
occtAr* This is belieyed to be a Collection both larger and under more 
varied conditions than has ever before been published. 

2. Instniinents.-— The velocity-measnrements were made with the 
following Instmments :— * 

Surface VeloeitUi, ST x T pine Discs, (Ch. IV, 18.) 
Mid-depth Velocities, If Double-Floats, (Ch. IX, 12b.) 
Sed Velodtiee, If Double-Floats, (Ch. IX, 12b.) 
Mean Velocitiee, 1" wood Bods in 1874-76, (Ch. XV, 7a.) 
„ „ 24" wood Rods in 1876, (Ch. XV, 7b.) 

„ „ 1* tin Ttms-RODS in 1876-79, (Ch. XV, 7c.) 

„ „ r wood Rods (under 1' length) in 1876-79, (Ch. XV, 7a). 

8. Mode of research. — The mode of research employed (explained 
in a general way in Ch. I, 11) was to measure the '^ velocity " of any 
one kind, viz., surface-, mid-depth-, bed-, or mean velocity (past a verti- 
cal) at many points of the same transversal, e, g., at the centre and 
at many points (from 5 to 10) on either side of the centre, thus giving 
the values of many ordinates (from 11 to 21) of each Transverse 
Velocity-Curve. 

TaUe A re/erred to in Art, 1. 



BUBFAGE VELOornr-WOBK. 



mid-dbpth 
Vblooity-Wobk. 



BED 

VliLOornr-WOBX. 



Solini 
Left AqnedQct 



SoULni 
Right Aqnednot. 



SoUmi Embankt. 
[Minor Slt«*.J 



Solini 
Right Aqnednct. 



8ol4nf 
Right Aqvedoct. 



I 



Total, 2 



39 



8-97 
8.83 



Total, 7 



70 



9.90 
91 
8*78 
8.71 

8.55 
8^7 

7-57 



60 



10 



9-59 



Total, 1 



10 



Total, 2 



17 



lO-OO 

9-oS 



lO^OO 

8-77 



Total,2 



[Ser. 51, 52, and part of 54, 56, 60, were published in the 1874-5 Report, (where 
they axe numbered 5, 6, 8, 7, 3, respectiyely) : they are reprinted now— with aonw 
nodiflcationB (and corrections)— for completeness' aake]. 
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Tahl0 B rrfemd to in Jrt. 1. 









ABffraAOT OF Mkan Vblocttt Work. 
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LI 


204 
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&4<* 
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II 
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3 


Sfii 




31 
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6 


874 
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205 




6-30 




106 


fl 
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4. Subsurface TratuveriaU.^Vnt Inatrnmcnt (the Double-Float) emplojed hM 
of coarse some effect on the Results obtained. It has been explained (Ch. X, 4) 
that the convenient nse of the Donble-Float in large nnmbers does not admit of 
frequent change of the length of its Connector. In the Mid-depth and Bed Yelocitj 
work the length (Z) of all the Connectors was acoordlnglj adjosted ronghly to the 
half depth ((H), and fall depth (H) for the work of each Series once for all, yia., 
tee Col. 2. Tab. XXXII,— 

Mid-depth work, Z = 5' in depths ranging from l(f'lO to 9''86, (Ser. 61.) 

/ a ii\ in a depth of 9'05, (Ser. 62.) 
Bed work, I = 10', in a depth of lO'-OO, (Ser. 65.) 

/ = 8', in depths ranging from 8'*95 to 8**68, (Ser. 66.) 

Moreover, the " lift " of the Snb-FIoat causes the velocity-measurements to be made 
(see Ch. IX, 8, iv— vi) at a higher level than that indicated by the full length of the 
Connector. Thus the so-called Mid-depth and Bed Velocity work was really effected 
upon a Transversal probably somewhat above the Mid-depth and Bed respectively. 

For shortness' sake the terms Mid-dbfth- and BsD-Tnmsversal, -Velocity, and 
Velocity-Curve will, however, be used in what follows, the above reservation beiog 
understood. 

5. Ordinate-syfltem- — ^It is obvious that, when the figure of a curve 
is to be determined from a limited number of ordinates, it is desirable 

that— 

*< The ordinates should be closest together where their change is most rapid ",••.(!). 
Moreover, as the figure of the bed may be expected to determine the 
figure of the velocity-curve, and as every marked change in the figure of 
the bed may therefore be expected to affect the figure of the velocity- 
curve the ordinate-spacing should be such as to exhibit the relation 
if any. 
Artificial channels also are generally of following character : — 
1®, of roughly symmetric cross-section. 

2°, with a roughly level bed of great width (compared with depth of channel). 
&», with (roughly speaking) only two abrupt changes of f gure in the contoar 

of the bed, viz., at the foot of each bank. 
4*, with steep banks. 
These features may be expected to (and indeed do) produce correspond- 
ing features in the Transverse Velocity- Curves, viz, — 
1% a certain amount of symmetry. 
2**, flatness (of curve) over the level bed. 
8^, a marked change about the foot of each bank. 
4^, rapid change over the steep banks. 
To bring out these features, it seems desirable that the ordinate-spacing 

should be — 

1% symmetrical about the central line of the bed. 
2", wide spaced over the level bed. 
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3*, doner spaced with approach to the banks, and with one ordinate at the foot 

of each bank. 
4% dooest spaced nearest the edge. 
5a. Calculation requirements. — One of the objects of the research being 
the calculation of the Cross-Section Areas, and also of the superficial Dis- 
charges past the seyeral Transversals, and of the Cubic Discharge, (the 
two latter measared by the Yelocitj-Carye Area and Velocity-Surface 
Yolume respectively,) it is convenient to divide the Transversals into 
several primary segments, within which severally the ordinates shall be 
spaced at equal distances, (because the approximation-formulas to be used 
require equidistant ordinates). These primary divisions of the Trans* 
yersal will for shortness be called Spaces, and the equal sub-divisions of 
the Spaces will for shortness be called Sub-spagbs. 

Of the available formulas, moreover — viz., (see Ch. XIII, 2a) the Trape- 
zoidal, Parabolic (Simson's), Cubic and Sextic (Weddle's) — the Trape- 
zoidal being the least accurate, it is desirable to adopt a mode of sub- 
division suitable for the three latter, t. e. — 

'* The Spaces should be sab-divided into a number (n) of ^nal Sab-spaces, 

which is a multiple of 2, 8, or 6", ^ (2). 

Practical convenience of calculation also requires that the Spaces and 
Sub-spaces should be multiples or convenient fractions of 10 feet in wide 
diannels, or of 1 foot in narrow channels. 

6b. Float'Courses. — It will be understood that the Float- Courses 
themselves (marked in the Field by the Lines of Pendants) are the divi- 
sion-lines between the various Sub-spaces, so that the velocity-measure- 
ments therein become the velocity-ordinates of the Curves. 

5o. Oauuian Spacing. — ^It ia to be remarked that the eqaidistant spacing is 
not the sub-division best suited for the purpose of Area- and Discharge-computations. 
Were these the only results sought, the spacing proposed by the mathematician 
Gauss should be adopted. This gives about the same degree of approximation* 
with use of only n ordinates as is obtained by the use of 2ji equidistant ordinates. 
But the spacing is inconvenient if the figure of the Curve is one of the objects of 
investigation, as the abscissa (y) are all inconvenient fractions of the breadth (ft) of 
a space. It was accordingly not adopted in these Experiments. 

It may be worth while quotingf the Gaussian Formula for use in any case where 
great accuracy of computation is desired : the middle line is taken as axis (y =0). 
Let h =s breadth of whole space whose Area is required. 
V. = velocity at distance (± y) from middle line of the space. 

n s= number of velocity-ordinates, (excluding those at the edgea) 
n-i- 1 = nnmber of sub-spaces in the width h. 
• Todhuntar't TreatlM on Laplam'i, Lam^'i and Benel'i Fonotionf, (1S7C), Art. 113, 126. 
f Same Work, Art. 1S«. 
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n 


Area of Cnrre from y = - |6 to f = + i». 


1 
2 

d 

4 
5 
6 
7 


{•174 (r^ib+ »+^db) -I- -826 (»-.i7ob+ t?+.,7ob)} • »• 

f 118 (r..^b+r+.«3b)+ -239 (r-^b+i?4.«b)+ '284 t>o} . h 

{•086(»-.4aab+»+4«b)+-180(D^ib+r+.3.ib)-l--234 Tr^ui^+P+.itob)} •*. 

{ •065(r.^b+ t>+.475b) + -140 (»-^ib+ r+.,7ib) + -191 (»-.8wb+ i?+.s«b) + '209 »«} • »• 



6. Present Work, Spacing, Abatr. Tab. 11, & PL xxvi— xu— in the 

present Experiments — which were all in Canals (of figure described in Art 5), widi 
tolerably symmetric cross-section, and with a tolerably level bed of considerable width 
(compared with the depth of channel) and with steep banks— the arrangement of the 
I^loat-coarses was always symmetric about a central Float-conise orer the centre line 
of the bed, and at Sites with sloping or stepped banks there was always one Float- 
Course over or near the foot of each bank. 

The detiuls differed somewhat for the wide Channels and Distribataries, being much 
simpler for the latter. 

6a. DiBTBiBUTAWKS, (Tab. U, 8c PI. XLI).— A few Experiments only (16 in 
all) were made in these, solely with the view of obtaining a Discharge-measurement. 
A comparatively dmple division was therefore thought sufficient (gee Tab. 1 1). The 
Central Space occupied the greater part of the width, and was sub-divided into 10 or 
12 equal Sub-spaces (so as to admit of use of Simson's or Weddle's Rules) by the 
Float-courses. The Side-spaces occupied the narrow spaces left near and over the 
Side-slopes : no attempt was made to sub-divide these. 

6b. Wide Channels, (Tab. 1 1, & PI. XXVI— XL).— The primary divl^on of 
the Transversal was int8 either 5 or 7 unequal primary Spaces, which will be called 
for shortness the CsiirTRB Space, and the Intbb^ and Sidb-Spaces (to right and 
left re^ectively) ; the two former were each sub-divided into a certain number (i») 
of equal SUB-SFAOES, n being always a multiple of 2, 8, or & 

The Centre-Space, which was much the widest, was sub-divided into 6 or 8 equal 
Sub-spaoes, (so as to admit of use of Weddle's or Simson's Rnle&) 

The Inter-Spaces were sub-divided into 2, 8, or 4 equal Sub-spaces, (so as to admit 
of the use of Simson's or the Cubic Bules.) 

It will be seen that the Float-courses marking the division-lines within these (the 
Centre- and two Inter-) Spaces were always at fixed points, ia., at constant diftfmrftff 
(say ± y) from the centre, in each Site. 

6c. Side-Spaces, (Wide Channels).— With one or two exceptions (noted below, 
in which no sub-division was attempted) these were sub-divided Tariously according 
to the different circumstances of each Site, (the details are seen at a glance in 
Tab. 11,) but always with a view to sub-division into 2 or 8 equal or nearly equal 
Sub-spaces, (so as to admit of the use of Simson's or the Cubic Rules,) «Bd in i 
cases the outer Sub-space was again bisected, (as at q, Fl. XXY.) 
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6d« Stepped and Sloping Banki.—ln Sites with stepped or sloping banks the 
surface- i?idth, and therefore also the width of the Side-spaces, raried with the yary- 
ing water-level. In these cases the Float-conrses at the middle (m), and quarter (q) 
of the Side-spaces (PL XXV) varied also in position ; for the sake of distinctness 
these FloatKX>arseB| and the points, pendants, depths and velocities corresponding 
will be distingaished by the letters m and q respectively through all the Tables, 
Plates and Text in which they appear. 

[Ex. — This case occurs at the SoUni Embankment Main Site, and in most of the 
earthen channels, eee Tab. H, & PL XXV]. 

66. yertieai Banka.^ln Sites with vertical banks (or with banks which were 
v^tical or nearly so thronghont the range of water-level occurring) the Float-courses 
in the Side-spaces were conveniently placed at fixed points. 

L^.— This case occurs at the 15th Mile Old Site (PL XXXYII), Sol&nf Embank- 
ment Minor Sites (PL XXVIH), and also Main Site at low water (PL XXXYI), and 
in the Sol&ni Twin AqueducU (PL XXYI, XXVII, & XXIX— XXXIII) ; or see 
Tab. 11 for all Sites]. 
6f. Special Cabbs.— ^Thete are two in number :— 

V, Soldni Twin Aquedveti. The 8' corbelling of the footways on the two outer 
banks (PL II, 4) prevented any velocity -measurements whatever being made within 
8' of the outer walls : they were made as close to the edge of the eorbelling as pos- 
sible, and are figured in the Tables and Plates at if made at 89|' from tKo centre^ 
(i^., at the veiy edge of the corbelling, or 8' from the vertical wall.) 

2". Soldni Embankment Sites. The Float-course spacing in the case of the Minor 
Sites (surface velocity work only), and also in the case of the Main Site al low water 
(no steps immersed), is sufficiently explained in Art 6e, and Tab. H. 

But in the more important case of Mean Velocity work at the Main Site at high 
water (water surface above lowest step), it was thought desirable to trace the effect of 
the great variation in depth from step to step, and also of the abrupt break in the 
wet contour of the bed caused by the 4' drop-wall (PL II, 2) with some care. With 
this view whenever the water covered any steps, the Float-courses in the Side^spaces 
were arranged as follows, {tee PL XXV)— 

One at 744' on either side of the centre, ie., 6" within the drop-wall. 
One at 751' on either side of the centre, i.0., over middle of lowest step. 
One over centre of top immersed step, (if more than one step was immersed.) 
One half way between the two last, (If more than two steps were immersed) s 
this is the m-point 

One half way between the two last, (if more than three steps were immersed) t 
tiiis is the ^-poiuL 

[The Rods used were of course of lengths suited to the depths over the several 
steps : those over the top immersed step were the small series under 1' length (Art 
2) ; in very shallow water surface-floats had to be used]. 

Thus there were 1, 2, 8, or 4 distinct relocity-ordinates obtained over each Flight 
of Steps according as only 1, 2, 8, or more than 8 Steps were immersed of either 
Flight These arrangements will be clear from PL XXV. 

[The Treads of the Steps on the right bank were somewhat lower (about •15') 
than the corresponding Treads on the left bank, so that it often happened that more 
steps were immeised on the right than on the left bank, $ee Ser. 161, 154, 155, 159, 
150,PLZXXIV,XXXV]. 
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- 7. Field-work. — ^THe mode and order of the Field-work has already 
been explained in Ch. VI, 12— 12b, q.v. 
The Telodty-measnrements were done as nearly in the order there explained, -vis., 
**S at point nearest left bank, 3 at next point, 8 at next point, and so on in sno- 
cession, ending with the point nearest right bank/'-* 
as waa compatible with practical conyenienoe. Slight modifications of two kinds 
were admitted— » 

1^ It frequently happened^in consequence of the Unsteady Motion of the 
water—that Floats arrived at the Upper Rope close to Pendants ont of the 
proper order aboye giycn. This happened yery often near the banks where 
the Float-Conrses were closest togedier. The actual practice was to record 
the passage of any Float that passed ** in fair conrse " in any Float-Conise 
eyen if *'ont of turn" ; (proyided of course that the Float in use was a 
suitable one for the Float-course in question). 
2^. In using RODS in channels with uneyen bed, the length of Rod required 
for each Float-Course depends on the Ayerage Depth therein. When 
the whole ayailable stock of any particular length of Rod had been cast 
from the Upper Boat, the custom was (if at a distance from the banks) to 
pass on to the next nearest Float-Course in turn, for which Rods of suitable 
length were ayailable in the Upper Boat : so that the Boats were sent to 
bank for exchange of Rods as seldom as possible when at work at a distance 
from bank. 
Much time was sayed by both these practices. To carry out the first well, a good 
deal of care and skill is necessary on the part of both Caller and Timekeeper ; as it 
would often happen that seyeral Floats would arriye at the Upper Rope nearly to- 
gether, but in different Jfloat-Couraet ; so that they had to be recorded in different 
lines of the Field-book, (Ch. IV, 88, & Tab. 33 ) 

8. Tabulation, Series, (Tab. XXIX— LVII, and 18— 18).— Tables XXIX 
— LYU contain the whole of the Details connected with the Tnmsyerse Velocity* 
Cunres. 

The mode and order of tabulation of the Sets, and the combinations used in form- 
ing them into Sk&iss, haye been explained in Ch. VI, 12c, 18a, q.v. These Articles 
include also the explanation of most of the Columns of these Tables containing the 
Observation-Data, (tee also pp. 67, 67 of the Tables.) The explanation of the Fall 
of Water-Surface Column (No. 3) will be found in Chap. VII, 9a. The explana- 
tion of the Result-Columns will be giyen in due course. 

To saye unnecessary looking oyer detuls. Abstracts haye been prepared (Tab, 13~~* 
18) showing the MEANS and Ranges of the Results for each Series. 

9. Average Transverse Velocity-Curves, (PI. XXVI— XLI).— The 
Plates show the Mean Results from the Detailed Tables (XXIX— L VII). 
Each Plate contains one or more Average Gross-Sections of the 
Site at the foot, and several Diagrams of Average Vslogitt-Curves 
above. 

9a* ^n>if-iSeeltoiK.~Each Diagram showsone or more Average CR088*SEcnoHB- 
o£ the bed and banks (as explained in Ch. Y, 14— 14b) at the Site, with the level of the 
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ftivo Bopes shown by the (apper) dotted l^e, on which the pofiitions of the Floai-connes 
■re shown (by short Tertic&ls), and their distances from the centre also figured. Two 
water-leTels— the highest and lowest of the Plate— are also shown on each. 

The position and depth of immersion of the Donble-Floats, or Hods nsed, are also 
indicated bj the vertical lines drawn down from the nppor water-snrface : in fact 
these yerticals may be looked on as jpietorial repreitntatioju of the Imtrumenti 
used. 

The Gross-Sections in the wide channels are all on scale of 25 feet to an inch, 
and in the Distribntaries, (PL XLI,) on the scale of 10 feet to an inch. 

9b« Veloeity-Curves.^^ch. Diagram shows the Average Yelocity-measnrementa 
at the several points indicated on the Cross-Section in clear black lines plotted as 
ordinates from the Base-Transversal, close to which the Average Velocity-measore- 
ments themselves (taken from line v of the Detailed Tables) are figured. 

The tips of the velocity -ordinates are joined by clear straight lines : the irregular 
line so formed is the Ayerage Tbansvebse Velocity -GnBYE given by the data ; 
the junction lines being all straight ^ the irregularities in the Observation-Curve are 
clearly exhibited, without the introduction of any bias of the draughtsman's hand 
(which inevitably results when free-hand curves are drawn). 
Atean Velocity Line, — ^The Mean Velocity peculiar to each sort of Curve, viz.— 
1«, Mean Surface Velocity, (Uo); 2*, Mean Mid-depth Velocity, (U^.); 
S", Mean Bed Velocity (JJ^)i 4", Mean (Sectional) Velocity, (V), 
has also been plotted from the Base-Transversal upon the central velocity-ordinate ; 
its tip is indicated by an arrow, and also by a clear line drawn right across the Curve ; 
this line has an important physical bearing, via.— 

Curvet 1®, 2% 8®. The rectangle included between the line in question, the two 
dotted lines at the ends of the Base-Transversal, and the latter line itself, is equal 
to the Area of the Transverse Velocity-Curve, and measures the (superficial) Dis^ 
* ^arge past the Transversal 

[This is also true for Curve 4® in a rectangular Ooss-Section]. 
Curve 4^ The volume included between the Cross-Section plane and the bed, 
banks, and surface, and a vertical plane through the line in question, is equal to the 
volume of the Velocity-Surface, and measures the Cubic Discharge. 
Sc. Htdbaulio Elements.— The quantities (A, H, 5, B, A, S, or as many as 
seem requisite) for each Curve are figured across it The lengths of H, B, or of 
A, H, R (observe that A s H at the Sol&ni Aqueduct) are also plotted upon a single 
vertical placed a little to one side of the Curve, and drawn upwards from the Base- 
Transversals, (on the same scale as the Cross-section). 

[The two A, H are plotted on the same side of the vertical in question : the order 
of the lettering (as A, H ; or H, h) indicates the order of magnitudCithe lesser being 
placed nearer tbe Base-line]. 

Soldni Aqueducte, In both these channels the surface-breadth (£) falls short 
of the full width of the channel (85*) in very deep and in very shallow water, («ee 
PL I, 8, and PI. U, 4), viz.— 

1®, by the amount of the corbelling when the depth exceeds 7'*8. 
2^, by the contraction near the bed when the depth falls short of 2''0« 
In all sndi cases (PI. XXVI, XXVII, XXIX, XXXI, XXXII), the full width 
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(8&') is shown on the Velocify-Cmres b j tb^spaoe betireen the dotted lines, and the 
aetaal snifaoe^breadth {V) is shown (bj arrow^marks) on the Baso-Transreraal, and 
also figured thereon. 

10. Immersion of Instruments. — This is indicated when necessarj on 
the Tables imd Plates as follows :— 

V, Surface- Velocities, Immersion trifling : no indication required. 
2«, 3*». AOd-depth' and Bed-VelocitUs, (Tab, XXXII, LVU and PL XXIX, 
XXX). The length (0 of the Connector of the Doable-Float, i.e., the 
nominal depth of immersion (c) of the Sab-Moat, is fignred In Ck>L 2 of the 
Tables, and also shown in the Plates by the lengths of the verticals drawn 
firom the water-sorface. 
4®. Mean Velocities (past anj vertical). The practice in this sort of work was to 
use in each Float-coarse the longest possible Rod (of the stock* ayailable), 
BO that the Length of Rod was in each Float-coarse asaallj only a little 
shorter than the Average Depth along the Float-coarse. It is therefore 
nnneceHsarj to indicate the immersion in detail in the Tables. It is indicated 
safficientlj in the Plates (XXXI— XLI) by the lengths of the verticals which 
are the pictorial representations of the Bods : these are everywhere carried 
down nearly to the bed. 
ISoUai Tunn AqueducU, At these Sites (the bed being pretty level) 'Rods of 
same length were used with a few exceptions right across. This length ({) is figored 
both in C!oU 2 of Tab. XXXIV— XLI, & LVII, and also on each Veloeily-Ckirre, 
PLXXXI-XXXm]. 

11. Veloeity'ordinate JSraggeraiioii.'-^Th^ Velocity-crdinates tbroaghont all 
those Plates are on seale of 2rB feet per second to an inch, whilst the Croes-eections 
are on the seales of 25 feet and 10 feet to an inch for the Wide Channels and 
Diatiibntanes respectively. The Cross-eection scales of coarse determine the scale 
of the abscissa, and therefore of the Float-coarse spacing, on the Baae-Tran&veisals. • 

Scales of spacing and of velocity are of coarse not really comparable ; bat it is 
deartbat^-adopting the second as the time-nnit— the velocity-ordinates are eiuigger- 
ated 10 times in the wide Channels, and 4 times in the Distribntaries. It wiU be seen 
therefore at once that all the Carves are very flat except near the ban]c& 

12. PiGlierties of the Omves. — A general examination of the GoiTes 
(PL XXVI — XLI) will show at anoe the following prominent proper- 
ties—in addition to those (common to all Yelocity-CHirYes) discnssed in 
Ch. VI, 15 — from which it will be remembered that in this discussion 
GaxTea deiired from numerous S&is of data are entitled t<^ more weight 
ttian Coryes depending on only a few Sets (in consequenee of their 
better approximation to really Average Curves). It will be convenient 
to first sunply state these properties shortly all together, and afterwards 
to state the evidence for them. In what follows, Curves on the same 
Transversal will £or shortness be styled '' Curves of same kind '*, or 

• ic«,€C«keSi*pi>oeeediBff1»ywhotefee*erludffe0t,(Cb«ZT,<.) 
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Bbortly LiKi CuBTjro, and Oaryes on different Trtnsreraalfl will be slyled 
" Cnryes of different kind ", or shortly Unlike Curves. 

[The propertiea detailed are bdcIi as maj be sapposed characteristic of Ayerage 
Carres, under the particular conditions set forth : it will commonly happen that no 
single actual Cnrre will show any one of the properties perfectly ; all that can be ex. 
pected to be seen in the actual Cnnres are certain prominent tendeneiu when certain 
eonditions prepondente, (confused of oourae by the features due to the leas dominant 
conditions)]. 

L ''The Telocity-variation (in anyone cnrre) appiozimates to the following 
distribution (in the case of a symmetric cross^eection with a leyel or wholly con- 
cave bed, in a long imifonn straight Beach), except where modified by the causes 

named below '^ ••....•- •..•••••.•••m*......^ (8). 

« the maximum velocity near the centre '% (8a). 

" a very slow decrease of velocity from the centre towards both banks /'. (86). 

^ which becomes more rapid with approach to the banks ", •• (80* 

"and is very rapid close to the banks 'V «.....—• (842). 

^ the curve is wholly convex down-stream '^ (80). 

''and is symmetric about mid-channel", ....—.. ^- -(8/). 

The departures from the above form may be nearly all traced to the two follow- 
ing causes:— 

L Irregularity of the channd above and below the Site, 
n. Irregularity of banks and bed at Site, 
IL " Eveiy.marked change in the figure of the bed produces hi general a mariced 

effect on the figure of the velodty-cnrve "!.••••••«••••••••••» ■...•• ••••••••« (4> 

This takes effect as follows :— 

** Increase of depth tends to increase of velocity, and oiff< vend ",.«... .(4a). 

"The maximum velocity-lines tend to be in the deepest channel (if sufficiently 

far removed from the banks)", « (4&)* 

" A convexity in the bed causes a concavity in the velocity-curve, and viee 

"These effects are usually more marked in shallow water than in deep 
water", (*<0' 

iiL "Velocity at same point of like Curves increases and decreases eaterU 
paribus with rise and fall of water-level ", , • (^)- 

iv. " lake Curves are similar under similar External Conditions ", (6). 

v. "like Curves of equal mean velodty are caierii parihu equally fiat as a 
whole", ^ ^ .' (7). 

vi. " Curves of low velocity are ccrteris parihut flatter than those (of like kind) 
with high velocity ", ^ • (8). 

vii« " The Flatness of a Curve as a whole does not depend so much on the 
general depth of water as on the Mean Velocity, so that Curves at low water or 
not necessarily flatter than Curves (of like kind) at high water", (9). 

viii. " Vertical banks give rise e€tteri$ paribus to flatter curves than stepped or 
sloping banks ", (10). 

ix. " The Chirves are flatter ceteris paribus at the wider Sites "^ (ll)* 

2l 
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X. ** Of anlika Cnrres the SarfBoe-Cnrre is the most loonded, tbe Mid-deptii 
Cnnre one of Uie most protaberant, and the Mean Yelocitj Cnrrd is one of the 

flattest", (12). 

[The following Articles (12, i— ix) containing the eyidence of these propertiea 

are numbered (for easy reference) with the same nombers (i->iz) as the propertiea 

themselTes]. 

12; L OsmiBAL FIOUBB.— These properties (So—/) are best exemplified either 
by the case of a level bed, or by the case of deep water at Sites with nneven bed (as 
the nnerenness of the bed tells less in deep water), see the foUowing :— 
Level Bed, (Solini Aqnednct,) PL XXVI, XXYII, XXIX—XXXIIL 
Uneven Bede, (Deep water,) PI. XXVUI, XXXTV, XXXV, XXXVII— XL. 

After examining the Oures aboye quoted (which contain the proof of Besolta 
8— 40> ^0 departores (I and n abore) from regularity of figure may be discussed. 

L CSUmnel irregular above and below the Site, There is a reiy marked departure 
fron^ symmetry of figure (about the central ordinate) in many of the cures in both the 
SoUnf Aqueducts. This is probably mostly due to the peculiarity of the channela 
of approach to and exit from the Twin Aqueducts being of about twice the width of 
the Aqueducts themselves (PL n, 8), and to the inadequacy of the length (982') of 
the Aqueducts to establish complete symmetry of motion within themselves. 

Oasb p. This is very marked in the exceptional case (PL XXXIII) of the 
closure of the Left Aqueduct, when— apparentiy in consequence of the very unsym- 
metric arrangement (PL II, 8) of the channek of approach and exit— most of the 
water entering the Right Aqueduct seems to have been deJUeUd towards tft« right 
lanh, displacing the maximum velocity-line also to the right of the centre. 

CA8B 2®. (Low water). A precisely eimUar feature is also very marked in the 
case of low water (H < 4*) in the Right Aqueduct (PL XXXII, Ser. 123—137) due 
probably to a similar cause, vis., to the presence of the remains of the dams which 
had been used (CSu m, 12b, c) to close the Left Aqueduct : these would form an 
efficient obstruction (of the Left Aqueduct) at low water, causing as before defiec* 
tion of the water entering the Right Aqueduct towards its right bank. 

Casb 8<*. (Deep water). In deep water (H > 4') in both Aqneducts the effect ia 
different : the channek of approach and exit being symmetrically placed (PL II, 3) 
with respect to the pair of Aqneducts, the presence of quick water above and below 
the central pier, seems to cause more water to pass along (on either side of) the een» 
tr(U pier than passes along (near to) the outer banks, so that the velocities near the 
central pier (in the 80', 82|', 85', 87^', 40' lines) are generally greater than the velo- 
cities at equal distances from the outer banks (in the 80', 82|', 85', 87^', d9i' lines)i 
Thk is well marked throughout PL XXVI, XXVII, XXIX, XXX, XXXII, so long 
as H > 4', the only exception (and that a partial one) being in Ser. 106. 

Thk leads to a fuller rounding of most of the velocity-curves near the central pier 
than near the outer footways : thkeffectk possibly enhanced in the case of very deep 
water (H > 9*) by the contraction of watenray near the surface due to the corbelling, 
(ff0tf PLXXVI,Ser.53 ; PLXXXI,Ser.l01— 103,108— 110). It leads also in most of 
these curves to a displacement of the higher veloeitieSf and in many cases of the 
actual maximum velocity-line towards the central pier. 

Thus the Velocity-Curves of either Aqueduct are conmionly unsymmetrical curves^ 
but the pair of Curves at equal depths in either channel are taken together tolerably 
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^ifmmetriciU ah&ut the e&iUral jner^ (gee PL XXVI, XXXI in which the cnrreB are 
armnged in pain^with nearly same water-level— to exhibit this). 

IL BanMa and bed irregular. The effect dne to this is conyenientlj discnned as 
part of Property ii, (in next Article). 

12, iL Velocity followi depth.-^ThQ properties to be discussed are Results Nos. 
(4— 4<0,Md Art 12. 

The Velocity-Cnnre would (by these Results) be apparently wholly convex over 
a bed that was either level or wholly concave. Any convexity in the bed would 
cause a corresponding concavity in the velocity-curve ; and these effects would be 
usually more nuurked in shallow than in deep water (because a variation of depth 
that is considerable in shallow water is of little importance in deep water). 

Three good instances of this, and one remarkable apparent exception (Case i^, 
infra) occur at the Sol&nf Embankment (Minor and Main) Sites. 

CA8B 1*. Central Deprestion, In many of the Velocity-Curves (PI. XXVI Q, 
XXXIV, XXXV, XXXVI) at these Sites there is a slight but extensive depression 
at and about the centre, giving rise to two lines of maximum velocity at some dis- 
tance on either side of the centre. This feature is quite marked in the Surface 
Velocity-Curve (Fl. XXVIII) in deep water, is only slightly marked in the mean 
Velocity-Curves (PI. XXXIV, XXXV) at high water, and is very prominent in the 
Mean Velocity-Curves (PL XXXVI) at low water. 
This is probably due in part to two causes — 
(a), to the obstruction of the central Pier of the Solanf Aqueduct in the middle 
of the channel (at a distance of 4769', 8195', 2860' from the Main, Uppei 
Minor, and Lower Minor Site respectively). 
(b), to the presence of an extensive slight shallow* about mid-channel of each 
Site. 
It seems difiScnlt to separate the effects dne to these two causes. The two maxi- 
mum velocity-lines appear to be at about 40' on either side of centre, i^., about 
opposite to the centres of the Twin Aquedncto, and also over the deepest parts of the 
Sites themselves, so that so far both causes seem equally efficient On the other 
hand the greater prominence of this central depression in the curves at low-water 
(PL XXXVI),^-a state in which variations of depth are of course more tolling — 
certainly points to the latter (variation of depth) as at any rate one very efficient 
cause of Uie phenomenon. [This confirms Resnlte (46— </) of Art 12]. 

Casb 2^. Veheitiei over top gtepe, A further and very remarkable confinnation 
may be found by comparing the velocities over the top inmiersed steps of opposite hanke 
throughout Ser. 151 to 166 in the Detailed Tables, or (much more readily) in Abstr* 
Tab. 10, in which an Abstract of these Resulte is given for ready reference. The 
yelocity-measnremente being made over the centre of the steps in question, might be 
expected eaterie paribus to be nearly eqoaL They are, however, commonly veiy 
nnequaL The explanation of this is that the Steps on the right bank are all about 
*15 of a foot lower than the corresponding Steps on the left bank ; so that as the real 
depth of water over either could not exceed about 9*, and was often very small, the 
relative depths on the two steps were often very different. 

* Ftom th« smaUnSM of Ibe eron-teetlon ■oaift, this featnn is not very disUfict in Fl. ZZYIII, 
bai it wlU be obvioas on nfening to ttie figures at the foot (showiBg Heights of bed above Datom). 
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The Table bIiows that the greater velodtj la nanallj oivr that ttep wkiek is the 
more deeply immerted, [This confirms Resnlts (4a, d) of Art 12]. 

Case. S^ Rapid change of mtter-leveL In two instanoes the velodtj-work was 
done (for a special purpose) whilst the water-le^el was rapidly changing, the whole 
change (+ '75, - <70) being in each case a oonsiderable fraction of the general depths 
as shown in Table below. The yelocitj-work was begun in both cases from the left 
bank, so that the rapid change of water-level canaed changes of depth during the 
velocity-work as follows :— 

Ser. 164, Increase of depth from left bank to right bank. 
Ser. 335, Decrease of depth from left bank to right bank. 

The effect of the rapid changes of depth on the fignre of the Telocitj-cnrye (see 
Table) is well seen in the Plates quoted, and confirms the general Result (4a) 
of Art 12. 



Brri. 



Gftiiffe. 



Y«rlation 
of 



Hyd. 
Mean 
Depth. 



Plate, 



Effect of change of wate- 

lerel on the Telocitlea, 

Cms Plate qootodj. 



8ol&nf Embankment) 
Main Site, ...) 

Mfranpnr Distribu-) 
tary, •«.{ 



164 
286 



5*24 
^75 



+ .75 
-.70 



5-98 
1'63 



wxv 



ZLI 



{High Telocities to* 
wards right bank. 

ILow Telocities to» 
wards right bank. 



Case 4^ Depre$$ion at Steps, In most of the Mean Yelocity-Cnrres of 
PI. XXXIV, XXXV there is a strongly marked indentation at both the 74^^ 
lines, most marked in the curves in deep water (PI. XXXIV), gradually decieaa- 
ing as the water-leTel falls, and disappearing altogether when fewer than i steps are 
immened, (PI. XXXV, Ser. 163 to 166.) 

As the Mean Velocity past the 74|' vertical ia in many of these cases actually leu 
than that past Ae adjoining 75i* vertical, this is an apparent exception to both of the 
general rules (Results (4a) & (Sc) of Art 12 aboye) that velocity decreases in general 
with decrease of depth, and also with approach to the edge, and«therefore merits 
special attention. The cause of the apparent irregularity is no doubt the presence of 
comparatively slack water all along the upright face of the 4' drop-wall, («ee Cross- 
Section on either Plate.) 

Thus^in the case of deep water— the velocities at all points above lowest step- 
level on both the 74|' and 75|' verticals are comparatively quick, and not very dissimi- 
lar— becanse the higher immersed steps, (which form an imp(»tant part of the resisting 
margin) are at a considerable distance from both verticals : whilst the velocities jMut 
aU points helow loweit stepAevel on the 74^' vertical are eomparativety slom. So tiiat 
the Mean Velocity past the 74)' vertical is actually less than that past the 76}' vertical 
in the ease of deep water. 

But, as the water-level falls, this state of things alters : the 75|'vertical being nearsr 
the immersed steps than the (upper part of the) 74|' vertical, Ihe avenge velocities past 
all points of the former are probably always less than past the (upper part of the) 
Utter : and this difference between them would increaae as the water-level falls 
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(bectnae the relataTe piozimitj of the immened steps to the 74|' vertical beoomeB 
more important), bo that the oomparatiye BlacknesB of the lower water on the 74}' 
vertical decreases in relatiye importance as the water-level falls. 

Thns the anomalons ezoess of the mean Telocity past the 75}' vertical over that 
past the 74|' vertical (which is well marked in deep water) wonld decrease as the 
water-level fell, and at last vanish when the water-level fell, so that the mean resistance 
(from the wetted borders) became equal on each of these verticals. Lastly, at lower 
water-levels the Mean Velocity past the 75 1' vertical wonld be in excess (see PI. XXXY, 
8er. 163 to 166). 

[For further illnstration of the effect of the slack water near the 4' drop-wall, tee 
Pl.XVin,8er.44to46]. 

Again, even the Surface Velocity-Curve PI. XXVm shows (in a slight degree) certain 
effects probably dae to the abmpt change of figure (viz., the sadden decrease of depth) 
at 75' on either nde of the centre. The surface-velocities certainly decrease on the 
whole from the two lines of maximum velocity (about 40' on either side of centre) 
outwards, Le., towards the banks : bnt the rate of decrease is not continuously increas- 
ing (as might be expected) ; the curve shows a slight indentation at hoth the 70' Hnee, 
showing the rate of decrease of velocity to be somewhat less between the 70' and 75' 
lines than between the 65' and 70' lines. This would seem to be due to tbe retarding 
effect of the solid steps, the salient comer of the lowest step of which is actnally 
nearer to the fvater twfaee in each 70* line than the bed immediately below that line, 
causing a somewhat sudden slight increase of reristance which takes effect in a slight 
abnormal decrease of surface-velocity in the 70' line. 

12* iii- Velocity /oUowe water-level cAan^M.— The property to be discussed is 
Result (5)— 

"Velocity at same point of like Curves.increases and decreases eaterU paribue 

with rise or fall of water-level", -—..•••. (5). 

A general decrease of the velocities of each durve is obvious in passing from high 
to low water at each Site in all the Plates XXVI— XLI, but it is by no means certain 
that this is due to the decrease of depth, inasmuch as there are several cases of the 
contrary so strongly marked, that it is clear that decrease of depth doee not neeeo' 
earUy Hwolve general decrease of velocity : — 

CMnpare Ser. 123 with 184, 125, 126, (PI. XXXH) 

Ser. 181, 133 with 182 and with 184 to 139, (PL XXXHI.) 
Ser. 171, 172 and 178 with the foUowing, (PLXXXVL) 

It is therefore possible that the otherwise general decrease in passing from high to 
low water may be really due to the mode of Control in passing from high to low water. 

ViOoeUif over tap step> The velodty-measnrements made over the tap iamereed 
etap (Art 6f, 2*, & PI. XXV) on either bank at the Solimf Embankmeat Main Site, 
however bring out the effect of depth veiy clearly. 

The depth of water over such step could not exceed abont 9* (the hdg^ of each 
•tep beiag about 9*), and was often much less, so that a emaU change of water-level 
&teii prodnced a ^reat change of relaUDe d^^ thereon. The change of velocity 
cowespoudmg is quite remarkable even within the limits of eaoh Series, and will be 
fouid tofolhw ihe ^tange of depth. 

A glance at Tab. XLII— XLV, Ser. 151 to 166, will ahow at onee that the 
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''Range *' of the Telodties is on the whole much greater on the top immereed step 
than at any other part of the Channel. 

The fact of the Telocity-change following the change of depth can also be seen in 
the Detailed Tables, but is best seen in Abstr. Tab. 10, which shows— for each 
Series— the following data for each hank separately , — 

1**, the nomber of the top immersed step (reckoned from top step), 

2°« the number of Sets of Telocity-measurements done thereon, 

2P, the greatest and least depth of water thereon, 

4**, the greatest and least Telocity-measurements tbereon. 
It will be seen that within the limits of each Series there is a pretty steady deereaee 
qf vehcUy with deereaee of depth (oTer the same step). In seTeral cases (Ser. 151, 
152, 154, 159, 160) the water-surface — ^being near the IctcI of the tread of a step^ 
fails from one step to another, and therefore from Tery shallow water on the upper to 
comparatively deep water on the lower step : in each case the sudden increase of 
depth is accompanied by an abrupt increase in teloeity. 

A similar correspondence (t. #., decrease of Telocity with fall of water-lcTel) can 
also be traced (though ill marked) cTcn within the limits of the same Series OTcr the 
step next below the top immersed step, but the effect is quite untraceable (within the 
limits of a Series) at other parts of the channel, being masked (if existent) by the 
Unsteady Motion : this is to be expected, for the fall of water-IcTel within the 
limits of a Series (only «8 of a foot as a maximum) causes a quite trifling relatiTO 
decrease of depth except in the Tery shallow parts («. g., over the top immersed 
atep). 

[The adTantage of only comparing within the limits of the same Series as abore^ 
is that similarity of External Conditions is thus most Ukely]. 

1% >▼• Similar Conditions give similar Curves.^Thia xnay be inferred from 
comparing suoeessioe (lihe) curves at same Site throughout PI. XXYI— XL, 
(excluding all cases in which the mean Telodties are not nearly equal.) Thus this 
comparison will include many pairs of cunres at nearly same water-leTel, and with 
nearly same mean Telocity, and therefore presumably under nearly similar External 
Conditions. A general similarity of shape in such pairs will be obTious, and in run- 
ning the eye down the whole group of curres at any one Site, a slow change of shape 
will be obTions in passing from high to low water, or from high to low mean Telocity : 
from which, taken together, it may be inferred that— 

''like CurTCS are similar under similar External Conditions'', (6). 

12i T. JEqual flatness with equal Mean VeloCity.-^Tbia follows from last Article 
in the case of like Cunres at same witer-Uvet But, it will appear that there 
is also a general similarity of flatness as a whole (not extending to similarity of 
detail) in like Cunres of equal Mean Velocity, independently of the state of loater* 
level 

Owing to the Tery great amount of Control occasionally exereised, there are seTeral 
cases aTailable of pairs and trios of like CnrTCs, at same Site, with neariy equal 
Mean Velocity, in which tiie water4eoels are very different. An Abstract of these 
is giTen in Table below. It will be seen (on referring to the Plates) that the CurTea 
of each pair or trio are of nearly equal flatness on the whole, notwithstanding 
ifae great differences of water-leTel. 
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BITB. 



PLATBS. 



Serial Noe« 



Nnmber 
of 8et8. 



AorH. 



ICMnVelooitles* 

V. 



Sol&nf Bight 
Aqaedact, 

Sol&nf 

Embankment * 

3iam Site, 



ZZXI, XZXII 

zzxi, xxxn 



ZXXYI 



iia 111. 116 


20, 16, 1 


!^'.h; 


18,7 


I,« 


168.176 


1,2 


iM;1 


6,1,4 

2,4 

3,2,2 



9.83, 8.97, 7.80 
8.58, 6'15 
1.92, 4.60 
3*98, 2.83 

847, 8*04, 1*92 
8*64, 2.42 

8*62, 248, 1*67 



3-83, 3-«6, 3-86 
3-73, 3-74 
1-34, i-H 
I 69, 1.65 

'•35» «'34. i-a? 

1.50, 1.50 

•86, -8 1,. 87 



The inference seems fair that— 
** like Conres with eqnsl mean Telocity are eaeterU parihus equally flat as a 



whole'' 



.(7> 



12, tL Ilatneis of Low velocity CurvM.— The property to be discasaed is^ 
''Corves of low Telocity are caterU paribus flatter than those (of like kind) of 

highveloci^", (8). 

Owing to the Tery great amonnt of Control occasionally exercised, there are Ato 
cases aTailable of pairs of cnrres (of same kind) at same Site with approximately 
the same water-leTel, in which the Mean Veloeitiee are extremely different. This 
permits the effect (npon the fignre of the cnrTe) of a general diange of Telocity 
thronghont the Carve to be stndied apart from other dieturhing cautee. An Abs- 
tract of these cases is given in the Table below. The property in question will be 
snfficiently obvions from consulting the carves there referred to. 



SOLAHI SITB« 



PLATA. 



Serial Nob. 



Gange- 
Readingfc 



AorH 



H7d.Mean 
ueptlu. 



Mean 
Velocity 



Right Aqueduct, • • • • 
Bight Aqaedacti . • • • 

[Loft Iqnedoat oloMdJ. 

Embankment Main Site, ^ 



xxxn 
xxxin 

XXXVI 

xxxvi 
xxxvi 



124,11 

184; 1; 

170,171 
170, ""^ 
177^^ 



1722. 



1784, 



1,1 

2.3 

1,2 
.2 



349,8.65 
3.58,.8-60 
8.64, 8-62 
8-64, 8-58 
242,248 



8.26,8*40 
3.88, 8-85 
4.73,4.72 
4.78,468 
3.64,8.64 



M3, 
3'aa, 
I'So, 



842:1 
:1 

1-74 : 1 
2.27 : 1 
1-85 : 1 



.71 

•694.67 
.86 
.66 

.81 



The same general property may also be at once seen by glancing down the whole 
group of Curves of same kind for any one Site. It will be seen that in passing fiom 
high to low water there is on the whole a gradual general decrease of velocity, and 
that this is aecompanted in general by inereased flatnees of the curvet. This is o£ 
course most marked at those Sites for which the range of velocity is greatest 

[Compare especially PL XXXI, XXXII ; also PI. XXXIY, XXXY, XXXVI]. 

It will be seen also that in those occasional cases where the velocity is unusually 
high throughout the curve, the curve is in each case much more lolly rounded than 
the curves with low velocity at neighboring water-levels. 

[Compare Ser. 131, 132, 133, PL XXXIII.] 
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12, Til* FlatMSB not dependent on d«pth.^The gradual flattening of the Corres 
of any one kind at the same Site in passing from high to low water is ao marked, that 
it wonld at first sight appear to be a general property thai Low-water carres are flatter 
than High water conres (of the same kind). This is, however, not the case : there 
are in fact several cases of the contrary, vis., of carves which are mrtch flatter than 
several of like kind in shallower water, as shown below, (jee also Plates quoted) :— 



Selected Cnme flatter than CurviM nuned below, 
all In shallower water* 



Plati. 



SKUSOnO CUBTl. 



Serial Hoe, 



Oangie- 



Mean 



Reading8.|Y«locltiea. 



Serial Noe. 



Gange-Beadlngs. Mean Velocitiea. 



zxxni 

XXXIII 
XXXVI 
XXXVI 



128 


8-65 


.71 




4-60 


1.34 


8-60 


.69 


171?72 


3-62, 3-58 


.86, -66 




243 


«i 



124, 125, 126 

184-189 

178-177 

179 



849, 202, 1-92 

8*96, 8-68--2'66 

8-68— 2-66 

8-47—242 

1-92 



a«43» 1-6 r, i-a4 

3*aa— a-ao 
i-3S-"-50 

I '37 



bat it will be seen that all the flat carves are cases of Low Velocity Corves. 

Again, the seven cases quoted in Art 12, v of pairs and trios of Carves of nearly 
same mean velocity, but with very different general depths, and nevertheless of nearly 
eqnal flatness on the whole, point to the same Condnsion that — 

« The Flatness of a Curve as a whole does not depend so mnch on the general 
depih of water as on the Mean Velocity, so that Curves at low water are not neces- 
sarily flatter than Carves (of like kind) at high water " (9). 

[The gradual flattening of the Carves of any one kind in passing from high to low 
water (above alluded to) appears in fact to be really owing to the accident that the 
ordinary Control of the Canal was such that there was usually a gradoal decrease of 
the general velocity in passing from high to low water]. 
12^ tUL Vertical and sloping banks, — ^The general effect of the banks is that— 
" The decrease of velocity near the banks is greater at the same relative distance 
from the edge in the case of sloping or stepped banks than of vertical banks ",(10a). 
This can be at once seen by comparing the marginal portions of the curves at the 
SoUn( Embankment Main and Fifteenth Mile Sites (PI. XXXI V— XXXVII) with 
those of the curves for the SoUnf Aqueduct (PI. XXXI, XXXII). This is no doubt 
due to the gradual decrease of depth near the edge in the former case, and forms a 
particular instance of the effect of decrease of depth in decreasing velocity (Result 
(4a)). This may be expressed as follows : — 

'* Sloping or stepped banks give rise to curves which are sharply rounded over 

the banks", - ^ .• (10«). 

" Vertical banks lead to curves which are fully rounded near thebank8",...(10eX 
and this leads also directly to the following :— 

*< Vertical Banks lead to flatter curves than sloping or stepped banks " (10>. 

This can be seen by comparing the curves at the Solan( Aqueduct Sites with those 
at any of the other Sites ; but as width is an independent and most important ele- 
ment in determining the flatness of a oarve, the comparison will be faiieet between 
the curves at the SoUnf Aqueduct Sites (PL XXXI, XXXII), with those of 1 
kind at the Eamhera Site (PL XL), whidi is (roughly speaking) of similar width. 
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13, ix. Wide 8iie$ givejlat Outm .— The general effect of Width of Site is— 
«« At different Sites of similar character lake Carres are— each taken as a 

iihole— flatter thronghont at the wider Site", (11> 

This is well seen by comparing the Carres figared for the Belra, JaoH, Eamhera, 
and Distribntaiy Sites, (PI. XXXVIII— XLI,) all in earthen channels, and of 
roQghlj similar (trapesoidal) cross-section, bat varying extremely in width, as shown 
in Abstract below. 



Bin. 


Plats. 


Belra, 


xxxvni 


JaoU, 


XXXIX 


Kamherm, 


XL 


BightJaolf 


XLI 


Mfrftnpar, 


XLI 


Mansiirpar 


XLI 


Pimora, 


XTJ 



BvUlNc 



201-206 
211-217 
221-225 



286 
2S8.284 
287. 2S8 



Snrface- 
widthk 



Hyd. 

Mean 

Depths. 



Mean 
YeloolttM 



Rongb 

Gompaiison 

of Bites. 



180 

185 

50 

16 

10 
8 
6 



188'M86-8 

192-8.190-9 

65-6- 640 

26*0- 22*0 

18-5 
14-1. 18-8 
ISO- 12-5 



9-02-7-603'i7-a-9« 



7'82.6-82 
4-84-4-07 
2-79.1-99 

M6 
2-82.2-10 
216.1 -94 



2.96-2*63 
2*86-2*7 1 
1. 52-2*10 

1.49 

2*1 0-2*05 
1*83-1*75 



Very 

flmilar. 



Ckwipatiaoa 
of Cnrrea. 



( Snrf .-widtb 
( i of above 

( Snrf .-widtb 
i i of last. 



Snrf.-width 
i of last. 



Very similar, 
flatter than 
all below. 

Flatter than 
all below. 

Flatter than 
all below ex- 
cept MixAn- 
pnr. 

Flatter than 
all below. 



j similar. 



It will be seen that—commencing from the foot of the Table — the Carres increase 
steadily in flatness with increase of width of the Site, (with one exception,) notwith- 
standing that the increased depth and increased velocity, which chance (in these parti- 
cnlar instances) to accompany the increase of width, would each separately tend to 
diminish the flatness of the Carres. In fact, the increase of flatness attendant on 
increase of width is by no means fnlly seen in these Plates, being partly compensated 
by the increase of depth and Telocity. 

[In comparing these Carves, it mast be remembered that the scale of abscissa in 
PL Xli is 2| times as large as that used in Fl. XXXYIII— XL, bo that the Curves 
on PL XLI are thus made to appear relatively much too flat. Were the same scale 
nsed thronghont the relative flatness of the Carves on PI. XXXVIII — XL, wonld 
be seen to be much greater compared with those on PI. XL than is now apparent to the 
eye. Again, the single exception of the Mfr&npur curve (No. S36) being flatter than 
the carves Noa. 331, 232 at the wider (Right Jaolf) Site is sufficiently explained as 
dne to the higher velocities in the latter, which mask (Art 12, vi) the effects of the 
difference of width]. 

12, Z. Comparison of Unlike Curves,-— TUhe general properties proposed are— 
*' Of Unlike Curves under same External Conditions at the same Site (of rectan* 

gnlar seetion), the Mid-depth Curve is usnally the outer (except near the centre), the 

Mean Velocity Curve intermediate, aod the Bed Curye the inner", (12a). 

'* The Mean Velocity Curve is one of the flattest, and the Surface Curve the 

most fully rounded, (so much so that near the banks the Sorface-Cnrre is one of 

the innermost) ", « • (12&). 

2 M 
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Coif PABISON P. CSimuUaneauM Field-work). In order that snch otinreB might be 
fairlj intercomparable in aU respects, it is necessary that the Telocity-ordinates to 
be compared shoald be deriyed from vsiocity'Meantrementt made nearly at <me Uwie, 
80 as to secnre the certainty of similar External Conditions. The Field-work of each 
8et of Series 241, 242, 243, indnding Surface-, Bed-, and Mean Velocity work, was 
specially done with this view as follows :« 

Field-work oj 1*. In each Float-Conrse one Instroment of each kind— ris., one 
Snrf ace-Float, one Donble-Float (with Snb-Float near the bed), and one Mean Veloci^ 
Rod (reaching near to the bed) — was cast in as rapid succession as possible from the 
Upper Boat : after these a second Instrument of each kind, and then a third, a fourth, 
&c, until three good observations of each kind had been secured in thst Float-C!ourse. 
After which the work was taken up in the next Float-Course in succession, and so on. 
In this way a Sbt of Telocity-measurements of each kind was obtained, executed to 
the minutest detail with the nearest approach to similarity of External Cronditiona 
throughout that is practically attainable. 

Unfortanately the time occupied in obtaining a single complete Sbt of each kind 
was so great (about 4 hours) as to be quite prohibitory. Only two complete Sets o£ 
each kind were obtained. These are grouped specially in Tab. LVII into Series 
(one of each kind) : from the way in which the Field-work was done (as aboye), the 
yarious External Conditions (Depth at Gauge, Surface-breadth, Fall of Water Sui^ 
face, Wind) are of course the same for the three Sbts (one of each kind) of each day. 

The Veloeity-Curyes resulting are shown plotted upon the same Base-Transyersal 
in PI. XXX, Fig, 8, and obyiously bear out the general statements above. Some ir- 
regularity in the Curves must of course be expected from the small number of Seta 
(only two) on which they depend. 

CoMPABiaON 2*, {No/r^&imMXtaneouM Work), Further evidence tending to the 
same Conclusions may be obtained from Fig, 1, 2 of PI. XXX, each of which contain 
four Transverse Curves (viz., Surface, Mid-depth, Bed, and Mean) under at nearly 
eimilar eonditioneat pottihte(pBBhoYm in Abstract below,) selected from the De- 
tailed Tables, all plotted upon the same Base Transverisal. 



. 


CXJBVB, 


i 


1 


YBAB. 


Depth. 


SURF. 
WIDTH. 


og 


SuaFAca- 
Fall. 


WIKD. 
D V 


Mean 
Ytitocy, 


^ 


H 


Vam. 


h 


'. 


F, 


UorV 




Surface, •• 
Mid-depth,.. 
Bed. 
Mean, 


111 


16 

1 

4 

16 


1876 

1876 

1876 

1876-7-8 


8-71 
9 05 
8-77 
8-97 


•15 

•30 
•16 


83-9 
88-5 
88-9 
83-7 


83 


5-73 
580 
5-81 
5-91 


471 
470 
4-85 
4-87 


B8W 2 
8W6Sll 

swbw 5 

N>W 1 


3*79 
4'3 


04* 


Surface, •• 
Mid-depth, •• 
Bed, 
Mean, 


S8 

1 


16 
16 
3 
19 


1878 

1877 

1877 

1876-7-8 


9-90 
1000 
1000 

9-96 


•13 
•24 

•00 
•19 


820 
82-0 
82-0 
820 


6 
10 
93 


6-04 
6-93 
608 
6-85 


544 
6-57 
552 
561 


KB 2 
NB 2 

NB^B 4 
NS&E 1 


4-33 
4-a9 
4a 1 

400 



In comparing these Curves, it must be remembered that the Mid-depth-Curve No. 62, 
which contains only one Set, is of course irregular in detail : also that the two Bed- 
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OtBTftB No0« 65, B6f containing only 8 and 4 Sets respectiTelj, are also natarallj leas 
regular than the remaiiyng Carres, which contain 16 or more Sets in each. The eYi« 
denoe from these Caryes is not so good as that from those first described (o£ Fig. 8), 
in conseqaenee of their Field-work not baring been executed in concert In parti« 
calar the Mean Velocity Cnrre of Fig. 2 lies within all the rest, a state which seems 
idmoet impossible in the case of Carres really nnder the same External Conditions. 

[The External Conditions so far as registered in the Table above, do not seem to 
differ sufficiently to account for this anomaly. It may be accounted for by suppos- 
ing that the Instruments used in either Ser. 65 or 108 were in imperfect adjustment, 
a supposition howerer for which there are no other grounds ; or again by supposing 
that the External Conditions were not sufficiently similar. This shows the desirabil- 
ity of the Field-work of Curves to be so compared being executed in concert in the 
way explained for Pig. 8]. 

The same general Conclusions as to the relatire positions of the different Trans- 
Terse Curves may also be drawn from the Vertical Curves figured for the same Site 
in Fl. ZIII, XVI, XVII, which make quite clear the general facts of the general 
prominence of the Mid-depth Curve throughout (and especially near the banks, gee 
PI. XVI), of the intermediate position of the Mean Velocity Curve, and inclusion of 
the Bed-Curve within the rest ; and, lastly, of the great decrease of the surface velo- 
city-carve near the maigin. 

[These Conclusions agree throughout with the Results of the Bazin Experiments 
on Rectangular Open Channels, {tee the ** Atlas " thereof, PI. XVIII, fig. 8). 
The Velocity-Curves are unfortunately not drawn (except in the one case quoted) 
in the Atlas ; onig crott'tecHont of the experimental channels being given witii rela- 
tive yelocities (at a series of points on several verticals and transversals) figured on 
them, and with a system of curves (similar to contours) showing the loci of points of 
equal velocity drawn within them : the whole of the above Condusions can, however, 
be drawn from an attentive consideration of these quasi contour-curves on PI. XIX, 
XX, XXI, of the Atlas]. 

IS. Velocitj-Sorface. — A good idea of the form of the Average 
Yelocity-Sarface in an open rectangular channel may now be formed 
from the consideration of both systems of Average Velocity- Carves 
(Vertical and Transverse) with help of the following physical illustration. 

Conceive a thin membrane stretching across snch a channel at a very short dis- 
tance below (on down-stream side of) the cross-section plane, and bulging out from 
it down-stream so as to form a sort of domed surface everywhere concave to the 
Base-plane (or convex down-stream), and symmetric about the central vertical plane- 



The maximum velocity-ordinate would lie in that central section above i o£ the 
depth, and the depth of the maximum velocity-ordinate of a longitudinal vertical 
section would increase from the centre towards the banks where it would be about 
mid-depth. 

The Mid-depth-Curve would be one of the most protuberant and yet one of the 
flattest, and the Bed-Curve the least protuberant. The Surface- Conre would Jm one 
of the most rooaded, tboogh not the most protuberant 
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Next ooneeiye the space between this membrane and tibe Baae-plase filled with 
water. The yolome of water wonld be the Cabic Discharge (per second). 

iM^Yt conceive the membrane itself to be Teiy flexible bat inextensible, and 
thrown into a system of violent irregnlar rapid nndnlations in snch a way as scarcely 
to disturb the level of the contained water. It wonld now show the figure of the 
Instantaneous Velodty-Sarfaoe, every velocity-ordinate of which is in a state of coii- 
gtant rapid periodio change with certain mean values, which are the Average-Velo- 
cities, whilst at the same time the contained volume (representing the Cubic l>ift- 
charge) remains sensibly constant 

U. Edge-velocity.— The forward ^elooity at the edge itself is not a 
quantity of mnch practical interest, as it is too small to sensibly affect 
Discharge-measurements. It is, however, of great importance in the 
Theory of Fluid Motion : unfortanately it cannot be measured by direct 
Experiment by any known method, and can therefore only be inferred 
indirectly from the shape of the Transverse Velocity- Cnrres near the 
edge. Unfortunately also velocity-measarements near the edge increase 
in difficulty (with all Instruments alike)— -even with long straight banks 
—with approach to the edge, so that theapprozimation to the Telocity 
at the edge is a poor one at best. 

(.Both Floats and Current-Meters are used at great disadvantage very dose to 
the edge even with long straight banks. The shortest distance from the edge at 
which systematic velocity-measurements were made in the present Ssperiments was 
about 7', and that only in the case of long straight banks as at the 8ol&ni Embank- 
ment and Aqueduct Sites,— sm any of the Tables or Plates of Velocities past a Trana- 
Tersal]. 

All the Transverse Velocity-Curves in which Telocity-measurements 
were made pretty close to the edge, (and which include a sufficient num- 
ber of Sbts to give good Average Velocities,) agree in showing that-~ 
<* The forward velocity near the edge decreases rapidly with approach to the 

edge", • • « (18> 

But this comes out better (as far as the surface is concerned) in the 
following : — 

14a, EzPBBlMflNT.— It has been explained (Ch. IV, 23) that the principal diffi- 
culty in the use of Floats near the edge is the tendency to " deviation " from '' fair 
course". Now this tendency is found to increase with approach to the edge, and in 
the case of surface-water at any rate it was found to assume the form of a per§iitetU 
deoiadoH from the edge towarde the centre, even with long straight banks. This 
was brought out very clearly by some special Experiments made at two Sites very 
favorable for the Experiment, Ia, with straight uniform banks of great length, 
vis.— 

1**, within the SoUni Embankment, (Fl. II, 2,) close to the waters* edge. 
2", in the Solinf Aqueduct, (PL II, 4,) dose to the centnl pier. 
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At both these Sites the Bow of water along the edge is as qiuet as seems posnble 
in the case of a large bodj of water. Very small Sar&ice-Floats, (bits of cork, tiny 
chips of wood and straw) were pat in to the water, some vtrj near the edge, some 
tooching the edge. As a general mle these Uny Floats moved— 
1®, only slowly forward when near the edge. 
2*, with the slowest forward motion when nearest the edge. 
8", and sometimes remained almost stationary for a perceptible interval when 

actoally tonching the edge. 
4% seldom moved parallel to the edge, bat with a marked deviation from the 

edge towards the centre. 
SP, and this deviation from the edge was most marked (or most rapid) when 
nearest the edge. 
(.This deviation from the edge was so constant as to render surface velocity-mea- 
snrement veiy difficnlt and uncertain at aboat T from the edge, and impossible 
within that distance, (even with a Rnn of only 10' length). It was not uncommon^ 
for instance, to have to pass 100 Surface-Floats before the requisite number (three) 
"good" Floats were obtained at the 41'! (from centre) vertical— (only 74* from the 
edge)— of the SoUnf Aqueduct, {tee PL XVIL) 
14b. Conclusions.— Summing np, then, it may be inferred that^ 
** Near the edge the forward surface velocity decreases very rapidly with approach 

to the edge", - (18a), 

**and is very small (perhaps zero) at the edge" ...........(18^), 

also ** near the edge there is a persistent flow (of the water at and near the surface) 

from the edge towards the centre", ...........(Idc). 

** and this action is most intense nearest to the edge, and decreases rapidly with 

thedistonce from tiie edge", {13d). 

[No such persistent action (deviation constantly in one direction) was remarked 
in the nse of the Double-Floats and loaded Rods. It is obvious of course that the 
persistent flow of the water at and near the surface from the banks must be aocom« 
panied by a caiUraryJlem (towards the banks) at some other level, so as to preserra 
the water-level near the edge ; but the Experiments did not reveal tins. The re- 
markably steady forward motion of the Bods has already been remarked, (Ch. XV, 9,) 
and was to be expected]. 

The transyerse motion of the snrface-water has been dwelt on at some 
length, as it affords interesting experimental confirmation of certain 
theoretical results, e. g. — 

I^ eee the passages quoted (Ch, VIH, 2) from Moseley's ** Steady Flow", 
showing that the decrease of pressure over the surface from the banks to 
the centre (due to the increase of velocity), must necessarily canse such a 
transverse flow. 
2^, see also Prof. Jas. Thomson's expoution of the cause of the Depression of 
the maximum Telocity line, in Procgs. of Royal Socy., Vol. XXVIII of 
1878-9 in which the Kxperiment of Art, 14a above is quoted (pp. 195, 
126). 
14c« Edfe-VeUfeUf not jfiottedr^Jn the nncertainty as to the real magnitsde o{ 
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the forward Telodtj at the edge, it being known only to be rerj* small (Renxlt (18) 
aboye), it has been thonght bettor not to show it all in the Diagrams of Transrerse 
Velocity^Cnrres : the Corves are in all cases broken off at the Telocitj«ordinate next 
to the edge. • 

[In the 1874-6 Report these Cnnres were drawn as oontinnons lines from the two 
ends of the Base-Line, thns indicating that the Edge-velocity was actually sero : the 
present practice is now thonght better, as it avoids any assumptions]. 

14d< Edge- Velocity taken i^ero in Diicharge-eomputation. — Bnt, in oompnting 
the superficial Discharge past a Transversal, and also the Cubic Discharge, it was of 
course generally necessary to assign some definite value to the velocity in question. 
It was accordingly assumed aero for the purpose of Discharge-computation. This 
assumption was thought justifiable for thie purpoiOy because the mode of computa- 
tion is such that the Result (Discharge) is only yery slightiy affected by the actual 
yalue of that velocity when small, whilst the simplification of the labor of computa- 
tion resulting is considerable. 

This is indicated in the Detailed Tables (XXIX— LVII) by the insertion of the 
phrase— 

*' Assumed zero in computing Discharge ", 
or some similar phrase in the two velocity Sub-columns which should contain the 
Edge-velocities : where the space is very much contracted, the symbol (?0) is entered, 
and may be looked on as a contraction for, and as equivalent to, the above phrase, 
as well as indicating that the Edge-velocity though unknown is certainly veiy smalL 
15. Curve equally good nearly throughout. — In conseqaenoe of the 
Instraments used for the yelocity-measarements past any one TransTer- 
sal being nearly equally immersed at all parts of the stream, they act 
with sensibly equal efficiency throughout the whole width of the stream 
except near the banks, (where the motion of the water is more irregular,) 
80 that — 

** The figure of a Transverse Velocity-Chirve can be determined with equal preci- 
sion at all parts except near the edge, where the precision attainable decreases with 

approach to the edge ", » - (14). 

[This is a considerable contrast to the case of the Vertical Velocity-Curyes, in 
which it appears (Ch. X, 11) that the approximation obtained decreases steadily to- 
wards the bed]. 



* The rapid deereaae of velocity near th« edge^ and ooiueqatnt smaUncM of the Sdge-vdooitj 
glTee rise to the aarmise that there is perhaps really a similar rapid decrease of Telocity near Uu bed 
(far more rapid than appears in the Ywtioid Velodty-Cnrre Diagrams) with consequent small Bed- 
yelodty (poesibl^ far smaller than that oompnted in Ch. ZI, 18), which has paaeed i 
solely through the impetfcotton of the means of velooity-measiirenMDt dote to the bed. 
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CHAPTER XVIII. 
TRANSVERSE CURVES— GEOMETRIC FIGURE. 

Pnface.^ThiB mlijeet of tbJa Ohapter—tlie Figure of tlie TnasTene Yelocity-OiirreB— ii aoldy of 
theoreUoliitereBt. 

1. TiansTene Velocity^Oarve, Ghombtrio Fioubb. — The inyesti- 
gaiion of the geometric figure of the Transverse Velocitj-Cnnres is a 
very delicate inquiry, but at the same time one of the highest theoretical 
interest. The same remark — as made in the case of the Vertical OarveSi 
(Ch. XI, 1) — about the unsoitability of the primary obsenration-data, 
Tiz.y the Telocity-measurements themselyeSi applies in this case also, and 
for the same reasons as there given, q, v. It applies with greater force 
indeed to these Carves throaghoat most of their width, on acconnt of 
their excessive flatness in the wide central region : but with less force 
to them taken as a whole than to the Vertical Carves, because the de- 
crease of velocity from centre to banks (upon which the total curvature 
depends) is always a comparatively large quantity, and therefore admit- 
ting of fairly approximate determination from the velocity-measurements 
themselves. 

The more salient properties of the Carves — such as could be gathered 
from a cursory examination — have been already discussed, (Gh. XVII, 
12 — 12, X.) In this Chapter it is proposed to discuss such properties 
as require numerical calculation in evidence. 

2. PfiOPOBTioHALiTY OF ooRRBSPONDiNO vBLOGiTiBs. — The most pro- 
minent of these properties is the following :— 

'* In CaiTOB of like kind with same water-level at same Site, the velocities at 

same points are approximately proportional", ...••^....(l). 

The amount of control occasionally exercised was so great, that there are five pairs 
of Carres available well salted to bring this oat, viz., Carves of like kind with same 
general depth of water at same Site, bat with extremely different general velocitiee. 
The details are shown in Abstr. Tab. 12, the pairs to be compared being grouped 
together. 
The actual velocities of each Carve are given (in old face fype as 3*60, '72}, and 
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also-^ facilitate the compariflon— what may be called '' redaced yelocities " of one 
of them (vis., of the Carye of higher general yelocitj, in old brevier type, as *70), Le,, 
Telocities rednced in the ratio of the Mean Velocities of the two Cnrres : these 
'* reduced yelocities " of the one are the figares to be compared with the actuals of 
the other ; their differences are given in the last line of each pair. 

It will be seen that the Mean Yelocitifs of each pair are thus reduced to equality, 
and that the velocities throughout are also reduced to approximate equaHty, 

This establishes the Proposition. This may be expressed also in follow- 
ing form :— 

** Curves of like kind with same depth of water at same Site, but with different 

general velocities are approximately parallel projections of one another " (la). 

From this it follows that in attempting to form equations of these connecting the 
velocity (v) with its abscissa (y), with the depth under it (Hy), &c., the variable 
Velocity-ordinate (o) should be divided by some one principal velocity, say the central 
velocity (p^ or mean velocity (U) of the curve, i.e., should appear in the form — 

»-5-ro, or »-MJ=/(y, H„S, &c.,) (2). 

It may seem that this is a small number of instances (only five) from which to 
establish so general a proposition : especially as some of the discrepancies are rather 
large, e. ^., those exceeding OS are 8 in number, vis. — 

2 of -10, 2 of -11, 1 of as, 2 of -16, 1 of •22, 
but these are entirely in the worst determined (the two upper) pairs containing only 
one Set in each curve. The discrepancies in the better determined (the three lower) 
pairs are all small, quite as small as could be expected from the small number of 
Sets contained in each curve. What makes these curves good evidence is the very 
great differences in the general velocities of the selected pair, the ratios of the mean 
Telocities being 842, 4*67, 1*74, 2-27, 1*85 to 1 respectively. 

[A great contrast will be seen here between these Curves and the Vertical Curves, 
in that in Vertical Curves with same depth of water on the same vertical, but with 
different general velocity, the yelocities at the same point are not necessarily propor- 
tional : this is clear from the variability of position of the axis of the velocity-para- 
bola. Compare Ser. 8, 9 ; 22, 23 ; 27, 28 ; 32, 83, PI. XHI, XV, XVI, which Bie 
pairs of curves with nearly the same depth on same vertical, but with axis at different 
depths]. 

3. Figures proposed.— The fignre of the Transverse Gnrves does not 
seem to have excited so much interest as that of the Vertical Carres ; 
the Anthor has only been able to trace the following : — 



Work. 



TranivenaL 



FSgnre propoiadL 



Botleau's Expts., p. 818, 
Mississippi Report, p. 287, ••• 
Lake River Report, of 1868, p. 961, 



Surface. 
5 'below surface* 

Surface. 
[Not stated] 



Parabola, except near the banks. 

Parabola at Columbus. 

Two half parabolas (sometimes). 

Ellipse. 
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It is dear that any geometric fonn of Oarre proposed most neces- 
sarily possess the properties detailed in Ch. XVII, 12, as the more ob- 
vious properties, viz.— 

''Exdading the effect of variatioii of depth (through the croas-Bectioa} for the 
present, the ordinates of the Carre shoold yaiy as follows :— 
(a), ^' the maxiiniim ordinate at the middle *', *) 

(h\ " a yerj slow decreaae from the centre ootwards ", I 
(c), " becoming more rapid near the banks ", ! ^^^^^^^^ /gv 

Id), " and very rapid doee to the banks ", j "—"•'•- ^ ^ 

(Of " with convexity down-stream ", | 

CO, <* and with symmetry abont mid-channel '\ J 

No cnrye not possessing these properties wonld be worth examination. 
[The parabola certainly does not possess the properties (6), (0> W^ A mere 
glance at Fl. XXVI— XLI will show how ill a paraboU would fit the whole Curre 
throDghont]. 

It should be noted that the Carves are so excessirely flat throughout 
the greater part of their width, that almost any geometric curve (the 
parabola included) could be made to fit the Curve through this r^on, 
(t.0., except near the banks). This shows the great importance of the 
velocity-measurements very close to the banks in this inquiry, as it is 
chiefy fnm them that the suitability or unsnitability of any proposed 
figure is ultimately determined. 

Three types of Curve, viz., (a), Parabolic ; (i). Elliptic ; (c). Exponen- 
tial ; will be now discussed. In this discussion (Art. da— c) note that — 
Length of Base-Transyersal =s 2h, from ys-5toy=:+ft. 
AbsdsuB Of) are reckoned of same sign as 5, so that y-f- h is always +• 
8a. ParaioUc Curves.^Ot all geometric Corves those most easily calculated are 
those of the Parabolic class (so called from their resemblance to a common parabola) 
represented by the equation — 

T='-(iy •• -W' 

and would therefore naturally be the first selected for trial, (and indeed have been 
suggested as aboye.) But they are not really suitable Corres. To render this clear, 
a number of them have been plotted — ^from (computed) ordinates given in Tab. IQ 
—in the Diagram at foot of PL XLII for the case of m = 1 with the following 
values of a, viz^ » = 1, |, 2, 8, 4, 5, 6, 8, (the case » s= 2 is that of the common 
parabola.) It will be seen at once (from the Diagram) that no curye of this class 
can be said to be much like the actual velocity-curves : those involving low yalnes 
of n fail altogether in Conditions (^), (d)i whilst those inyolving high values of n 
fail in Condition {d), 

8b* EU^tie CbrMf.— The most easily calculated family of curves which possess 
the properties required, especially (^), (c)» (<2), are the Elliptic Curves (so called from 
their resemblance to an ellipse) represented by the equation— 

2n 
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a)"+-ft)"- (•>• 

To render this dear, sereral of these Carres are shown— plotted from (computed) 
ordmatespablished in Abstr. Tab. 19— in the Diagram at middle of PL XLII for the 
case m = 1, with the following valnes of n» yiz., i» = 1, 2, 8, 4, 6. A general resem- 
blance between these Gnrres and many of the more regular of the actual Velocity- 
Ganres will be at once apparent. The approximation conld of ooiuse be tested onlj 
bj actual nnmerical comparison in each case. 

As a matter of fact, the ** qnartic ellipse " (being the particular case of abore when 
m = 1» and »=4) does closely fit seyeral of the Surface Velodtj-Curres, efi^>ecially 
those of Ser. 51, 52, 56, Pi. XXVI. This was the geometric Curve proposed in 
the 1874-75 Report (Art. 88) when these three Series were the only data ayail- 
abl& On computing this Cnrre for the whole of the nine Series (Nos. 51-- 59) 
now ayulable, it was however found that no single Curre of the CSlaas would 
properly satisfy all the Obserration-Cnrves, but that the value of n muH gradual^ 
inereate oi the depth deoreaeed, so as to yield curves increasing in flatnesB as the 
depth decreased* 

The gradual increase of flatness wiUi fall of water-level as a general Rule has 
already been noticed in Ch. XVii, 12, vi & vii, as prohahly really due to the decrease 
of general velocity which usually accompanies fall of water-level : the increase of flat- 
ness due to this cause is sufficientiy provided for in the pn^raaed equation (5> which 



gives o=0o /i--m(7/ i ^^ provides that for same values fAy-^h^v shall 

be proportional to the central velocity, so that curves drawn upon the same transversal 
(25 constant) increase in flatness with decrease of the central velocity. But the in- 
crease of flatness above meant is of a higher degree than this, involving the paasingyrom 
one order of curve to another, such a change in fact as is expressed in a gradual 
change in the index n. 

The irregularity of many of the SoUnf Aqueduct Observation-Curves near the edge 
is, however, so great (caused partiy no doubt by the obstruction of the corbelled 
footway, and partly by the division of the channel by the Central Pier only 982^ 
long, ne Fl. II, 3 & 4), that it seems obvious that the equation of the curve should 
contain in it terms to express the effect produced by the corbelling, and further 
that a geometric Curve suited to a uniform channel of great length is not furly 
applicable to this Site. The inquiry did not seem sufficiently hopeful to be worth 
continuing the laborious numerical trials under such complex conditions. 

[From the experience gained in these attempte, it appears to the Antiior that by 
making m, n, and also 5 variable, the curves of this family would fit very closely to 
the actual curves in the case of a uniform rectangular channel of very great length. 
The SoUnf Aqueduct does not approximate sufficientiy to this condition. The 
labor of such numerical trials would be very great, espedally if the Most Probable 
Curves were computed, as of course they should be]. 

80. Exponential Cnwety (Abstr. Tab. 19, and Fl. XUI) — ^This general name 
may be taken to indnde all Curves involving the abscissa- (± y) in an exponential 
form. They are interesting in physical inquiries as being the forms resulting from 
the solation of the timplett diffiBteatial equatione, which are themselTW the primaiy 
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mathematical expression of phyeieal laws. Three of the simplest— the Logarithmic, 
Catenaiy, and Error-Corre—haye been plotted in the upper Diagram of Fl. XLU from 
computed ordinates published in Abstr. Tab. 1$. 

The simplest of these— the Logarithmic Cnnre, (p = ntv^ . e-'-r ■*>— is given here as 
being the curre deduced from a certain theory of fluid friction inMoedey V ** Steady 
Flow '' for both the Vertical and Transverse Velocity-Curves in a Pipe flowing 
£nIL It is supported by comparing the numerical Results given by it wiUi Darcy's 
Experiments on the figure of the Vertical Velocity-Curve in Pipes flowing full In 

Darcy's Workf a curre of the parabolic class v = 9o* (^""•(r) ) ^ deduced 

from the same data. This case is given here chiefly as an iUnstration of the imper- 
fection of such numerical Tests when the data are unsnited to the purpose. Thus, 
Darcy's velocity-measurements were executed only at five pdnts of the central 
verticals viz., at the centre, and at points above and below the centre at distances 
of i and | of the radius from the centre, thus embracing only the central | of 
the vertical diameter within which the curve U very flat, and omitting altogether the 
outer— and for the piesent purpose most important-^i of the radius nearest the 
walls of the pipe. In consequence of the great flatness of the curve throughout the 
central i^epace, the numerical discrepancies between the ordinates of either trial 
curve and the velodty-ordinates are of course small ; and this is relied on as an 
experimental verification of the trial curves. 

But it is in fact a veiy poor Test For the curves proposed are extremely dissimilar 
in figure ; their convexities being actually turned oppoeite woyt {$ee Pi XUI). 
Darcy's proposed curve is at any rate convex down-stream, («m the curve in which 
n = I of the parabolic class,) whereas the Logarithmic Curve proposed is actually 
eotieaoe down-itream with a cusp at the centre. This shows the absolute necessity c^ 
velocitf-measurements close to the margins. 

The other two curves of this class (the Catenary and Error-Curye) are given 
solely as being tolerably familiar and easily calculable curves of this class likely 
to result from mathematical investigations on this subject ; and to show their un- 
suitability (for use as Trial Transverse Curves) in that they do not properly satisfy 
Oonditian (d). 

[Tbe Catenaiy was chosen simply because some of the Velodty-Clurves do in some 
respects resemble the figure of a free heavy chain (Catenaiy) ; moreover, if a rope 
of material light enough to fioat on water be very loosely stretched across the snrfaoe 
of a running stream* it at onoe assumes what may m, ageneral sense be termed 
a Gateoarian fonn, the fignie of which is .in q^me specific way related to the Snrfaoe 
Velodty-^lhirra, which in a certain way it also resembles. 

Xhe ^bcror-Curve was chosen as being a simple curve of the family denoted by Eq. 
(i») of Afoseley's ^Steady Flow", Philos. BCaga., Vol. XLIV, p. 86], 

It will be seen {see Diagram) that all three of these curves fail in giring a snffi* 
ciently rapid decrease of the ordinates near the banks. 

4. Water-letil Change. — As a gweral smnmary of What preoedcKii it 
app^ttra that-* 

^Corves «f like kind change in diape with change of water-level ",..mn.— ••(6), 
• Pbiloi. Mags., Vol. xm, p. 192, Sq. It. f Darey Bipta, p. 188. 
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and that— 

^ If « -f- V == /(^) be the general fomi of their Eqnatioii, the exponent n will 
be found to rwej with the water-lerel, and therefore with the general depth, and 
may perhaps be expressible as a function of the hydraulic mean depth (R) '\»»^7)* 

6. Transverse Onrves, General OondmionSd— Viewing the evidence 
of all the Transyerse Carves figured in this Work, together with those in 
other Works as a whole, the following general Gondosions may be 
drawn :— 

^ The fignie of the Transverse Velodty-Cnrves is for given External Conditions 

detennined by the figure of the bed", •^..•^.....•••— .^ ....(S). 

<* Convexities of the bed produce concavities in the curve and ifiee vertd '\ ..^(9). 
This points to the Oonclasion that in the equation of a Transverse 
Curve— 

" The velocity (v) should be expressed as a function not of the absdasa (y) only, 
but also of the depth (c ), so that the equation should be of f orm— 

^ -r V = / (y, «, &C.) ", (10> 

This being the case, the attempt to discover the form of the function 
by numerical trials with velodty-ordinates given by Experiment is pro- 
bably hopeless in any case in which the depth is irregular, as in a natural 
channel. 

[The only hope of effecting this ioldy from Ewpetiment (t.^., in the absence of 
any indication of the proper functional form from a rational Theory) would be in the 
accumulation of Experiment in specially prepared uniform rectuigular and semi- 
circular channels of yeiy great length compared to their sectional dimensions. In 
the absence of such special Experiment the attempt would be hopelesa To a certain 
extent^ itf., on the smidl scale, this has abready been dcme in Mr. Baan's Experiments]. 

6. Velocity-function.— The whole of the preceding discussion (Ch. 
ZYII| Xyni), especially that upon the apparent irregularities of the 
Curves, and that on the depression of the line of maximum velocity 
(Ch. XII), is entirely consonant with Dubuat*s principle that — 

" The wetted border of the chanael is the ultimate source of the retardation of 
now , ••..•••.••*•.•*..••.*••.•••■*••».•..*.••.•.*••••■.•...•..•.••■••» ...••.•••••••.••••■•• •••.••^JL I ^ 

and that in this term '^ wetted border " is to be included the layer of lur 
resting on the water-surface, as in some degree aiding in the retardation. 

With this view the Author advances the following proposition, viz., 
that in the algebraic expression for the velocity at a point the velocity 
ahould perhaps be expressed— -not (as has hitherto always been tried) as 
a function of the co-ordinates (y, z) of the point, but rather as a func- 
tion either- 



Digitized by VjOOQIC 



ART. 6. 



277 ^ 



P, of the ^ minimain effectiTe diBtnce " of the poiiit from the wet border. 
2", of the ^average effectiTe distance " of the point from the wet border, 
and preferably of the latter. 

As different parts of the wet border (e.^., the air and the solid border) 
exert resistance of very different intensity, it seems necessary to inclnde 
both the distance and the '' specific resistance" in these expressions: thus 
the term '' effective distance " in the abore, means the actual distance 
(from any part of the wet border) multiplied by some co-efficient expresa- 
ing the '< specific resistance " (of that part of the wet border). 
With the following notation :*« 
dB == length of anj element of the wet border, 
^ = co-efficient of specific reaistance thereof, (yaryiog along the wet border), 
r = distance thereof from the point y , s. 
Then the— 

*< Average effectire distance" of the 1 /» ^^ , /» -^ ,-«. 

point (y, «) from the wet border ]^Jr.(M ^J(^, ..(12), 

the integrals being carried right round the wet border. 

lliis expression will always be one of such great complexiiy (eren for 
the simplest form of crossHsection) that to apply it in numerical calcula- 
tion would be very laborious : and at any rate the attempt to seek the 
form of the function by numerical trials from direct Experiment— in 
the absence of any indications from a rational Theory — ^would be quite 
hopeless. 
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CHAPTBE XIX. 
AREAS AND' DISC&ABQES. 

l*r^fOiC€j^Tb^ Chapter oontains a detafled aoeonnt of the mode of Area- and Diacfaaige-Gonpii- 
tatton (Art. 1—10 & li— ISa) from the data of Ch. Y, XYII, with diaoiuBloii of the Bnon involved 
(Art. 11, IS, 19>1M); and oompailMm with other prooM«Bl6-lte,IO-<tla; alae diaeaBloii of the 
depeodfioeeof the Bisobaige onthe Bxtemal Conditions < Art. 17—18, lOg). Xhe most intetesting 
Artldes ■re-omitting details-Art. l-«, U— lea, 17-90, 80e-82a. 

1. Areas and Sischaiges.r— It is convenient to. explain the computa- 
tion of the thsee following qnantitieB together, as to a gieal extent the 
same formula are used for each :— 

1^ Cross-Sectioii Area, (A). 

S*tf Snperfidal Diadiaica-CD) past a TnnsreiBalf <mGuarea by the acea of the 

ooneapondlng Veloclty-^yiurTe.) 
8^. Cable Discharge (D) throngh a croBSHsection, (measured by the ▼olome of 
the VcSlodty-Snrface). 
^Bn data for detennining these are'res()ecti7ely— 
1% a ^tem ef Septh^cidhmtoB (H,) in the Cros^SectioD. 
2^y a system of Telocity-ordinates (iv» or «,) in the Velodty-CiirTeB. 
8°, a system of areas (D, = H, • i^) of the plane sections of the Vebdty- 
Sorface, 
wiih the same absciascB (±^)i t.e«y at the same points of the Transversal. 
[The spacing of this system of conesponding ordinates (H, and 0, or Vy) and areas 
(D,)hasbeenfiillyexplamedinCh.XVU,5— 6f» and Abstr. Tab. U, (whidi also 
shows the fonnnls actoally used at each Site)]. 

Hence the three quantities— the Area (A), Superficial Dischaige (D) 
past a Transversal, and Cubic Discharge (D) may be calculated hy <^ 
proxmaUofirformulcB of the eamt^ type^ ( a great convenience in practical 
calculation.) 

[By far the most important part of this Chapter— in a practical sense— is that 
which relates to the Cubic Disghabqe.] 

2. Hotation^— The following Notation will be used :-— 
Let y be the distance of any Float-conrse from the oentrs. 

„ H, I, Ayerage Depth along the Float-conrse whose abscissa is y. 
n v^ n Float-velocify (at any level) alopg that Ftoat-conrse. 
• noon's Bknoniianr Jteaoiatlon, Art. 114, l». 
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Let«, betlieBod^v«lodtyakmgt]iatFloafe-«oiina 
„ D, M (8npa4c!al)Di8cha]^ post the vertlcd whose «bBoi8Mi 18 y. 
„ D „ (8aperficiaI)DiBchai^ past any TransyeitaL 
„ h „ bieadthof croes-sectioaoQthatTransTenal. 
„ V „ Mean Velocity past that 'nransyenaL 
M D n (cable) Discharge through the whole section. 
M V „ Mean (sectional) Velocity. 
For distinction also the symbols H, v, u, D, will reoelve the snbscripfei e^t^q^n to 
denote the particnlar Tallies at the edge («)» over top immersed step it), and at the 
qnarter-pcunt (q% and middle-point (m) of the Side^paoe xespeetiyely* 

8. Approxi]aatiO&-Foniitd».^It soema ooiiTemaQt ta quote h«M the 
seyeral approximation-formiilaB for Arias and Yohjsam in eoneiee form, 
80 far as required for these Experiments. 

Let X, be the type-symbol of a number of quantities of samd kind, spaced at 
equal distances (0) along a baae-linOi 

And X'f X/ the type-symbols of those quantities (like X) which are at equal 
distances (± y) to left or right of the centre (y s: 0) d the base-line. 

Here X, are either ordinatbs (as Hy, fv» «y) of the cnrre whose Area is 
required, or abbas of parallel plane sectioaB (as Dy) of asnrface^jHMse* Velnme is 
required.^ 

llien the formidsB are as follows :-^ 
L 8imi<m'i Rule. (Quantities of type X at equal spacing /I). 

Volume } *™ * ^ ' (^I'+^-^+^i*)* ^tween X/ and X^'i .» (la), 

= I p . {(X,''+X8')+ 4(Xi'+X,')+ 2X J.betwesB X,* «d X,', (16), 

and so on by repeated applicatioiu 

[This Bule, when used for finding yolnmes, is also termed the ''Frismoidal 
Formula"]. 

ii. CMc RMie. (Quantities X,', Xi", X|\ X,', at equal spacing p). 
Area or Volume = f/8. {(Xj'+XjO+S (X,*+X/)}, ...,....^^...^.,^....^.(2). 
iiu Weddl^t Bule. (Quantities X/, X,*, V, ^ X/, X^', X;), at equal 
spacing (jS). 

Area or Volume= A/5 . {(X/+ X,*+Xo+Xi'+X,')+6 (X,'+Xo+X,'}r*(8). 
These Rules are Beverally applicable to Spaces which are divided into 9, 8, or 6 
equal Sub-spaces respectively, and also (by a repeated application) to Spaoes divided 
into n equal Sub-spaces, where fi is a multiple of 2, 8, or 6. 
[They are equivalent to the following* suppositions :— 

Areas, The ordinate (Xy) is assumed to be a quadratic^ cubic^or sextlc function 
of the abscissa (y). 

Volumes. The area (X,) of each parallel plane section is assumed to be a 
quadratic, cubic, or sextic function of the abscissa (y). 

• M<NM«r0 Blenoiy. MwraiiMiim, Art. m, 118, m ; Ir Booie'f FM 



Digitized by VjOOQIC 



280 CHAP. ZIZ. — AXEAB AVD DISOHARGSB. 

[These formnla are aeyenllj accwaU* when the f onctioQ in qoMtion is a quad- 
ratic, cubic, or qnintic respectiTelj : and Weddle's* is highly appraziiaate e?ea 
when the fonction is a aeztic, or septimic.] 

ir. Simson*§ Jhtie modifiid. The case of a yelodty-measarement missing tAone 
of the qoadriaections (9) of a qnadrisected Space was of such frequent occurrence, that 
it was worth while forming a special Bale for it The Bale applicable to a qiiadri« 
sected Space is Simson's (No. i above) : the missing qnantity (say q) most be supplied 
by interpolation for nse in the formula ; it was always taken as the arithmetic mean 
of the two adjacent like quantities (say M and B). The Besult expressed in tenna 
of the known data (say e, Q, M, ;, E) is of soch simple foim as to be worth quoting 
here for reference in like cases* 

Let «, Q, M, ;, £ (FL XX, 8) be qnantittes of same type, (e.g^ all VelodtieB, or 
all Discha^ past a Tertical) at equal spacing A whereof— 

q not having been observed is auumid equal to i (M-f E), • -(4}, 

Then by Simeon's Bnle— 
Area or Volume = J j8. {(B+0+4(Q+ff)+2M}» 

= */5. {(E+5)+4 [Q+i(M+B)] +2M} 

= i jS. {(3E-f 0+^ (Q+M)}, M.,..«.........-.(6). 

which is the final Besult required. 

4. AocusATB Cbobs-Sbctioh Abba.— The GhRMs-Section Area (A) admits of 
acenrate computation (1^ as a whole when its whole contour is either regular or per- 
manent ; or 2®, in part, wherever its contour is either regular or permanent. In such 
cases of course the Area was accurately computed, the nse of the apprcndmation- 
f onnuls being nnnecesBary. These cases occurred as follows :^ 

1^ PermanefU etmtourM. In the SoUnf Twin Aqueducts, (FL n, 4) : in these 
(being in masoniy channels} the whole Area was accurately computed, {see Tab, V.) 
2^. Banki regular or pemanenU The cases were— 
(a), Begular earth side^slopes, at the 15th Mile, New Site, (PI. n, 1.) 
ih\ Masonry steps, at the Solini Embankment Sites, (PK II, 2.) 
(0), Masonry side-slopes, at the Bebra and Jaolf Sites, (PL IV, V.) 
In these three cases, the Side-Space Areas (over the regular or permanent banks) 
were accurately computed. 

[In what follows then, the nse of the approximation-foimulie for Ooss-Section 
Area-computation applies onhf to irregular beds}. 

5, CuBio D18OHABGB, Preliminary Step.-^lt will be seen that the quantiUes 
(Xy) of the f onnulflB are— in the case of Cubic Dischaige computation— the saper- 
fidal Discharges (Dy) past the several verticals whose abscisstt are y, so that (escept 
when the bed is level), these quantities must be prepared by a preUmioary computa- 
tion, by the formula, — 

D, = H, .«, (6), 

t. d., by multiplyiag eeparately every Bod-v^locity (v,) by the Average Depth (H,) 
along the Float-course. 

[This preliminaiy work of preparing these products is the most laborious part of 
the work when the multiplication has to be done in the usual way. But it can be 

• MoonTsBlenMntary Mensantlon, Alt. 117, Its ; BooU's Finite Differaiofls, Oh. ni, Art. 7. 
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done in a few minntes wiUi the help of a Cielle's large &f oltiplication Table when 
neither factor contains more than 8 fignrea, (Ch. Y, 26)1. 

6a. Rectangular SecHcn,— In snch a section with leTol hed and yertical sides the 
depth (Hy) is constant right across, and would therefore enter as a constant fac- 
tor into all the superficial Discharges (Dy). The Cubic Discharge may therefore 
be more rapidly computed by calculating first the Discharge (say Dm) past the Mean 
Velocity TransTersal,— measured by the Area of the Mean Velocity Currei— and 
multiplying this Result by the constant depth (H), so that— 

D = D„ . H (7). 

6. Cbntre- AI7D Inteb-Spaces, (Abstr. Tab. H).— Formuln of the same 
type (see Tab. H) were used then for each of the three quantities — 

1^ Cross-Section Area (A), (when over an irregular bed), 
2®. Discharge past a Transversal (D), 
8®. Cubic Discharge (D)> 
in the Centre-Space, and also in the Inter-Spaces. The Table explains sufficiently. 

7. Side-Spaces.— The formula used were raried (m« Tab. H) according to 
drcnmstances ; the edge-yelocity (ve or u^) being taken zero when entering into 
the computations (see Ch, XYII, 14d). The following cases require special 
explanation : — 

(a). Side-Space not sub-divided. *(5). Side-Space quadrisected. 
(c). Side-Space over masonry steps. 
7a, SidC'Space not sub-divided, — This occurred as follows :— 
1^. Soldni Twin Aqueducts, No Telocity-measurements under the corbelling ; 
and in a few cases none in the Side-space near the central Pier. 

The Velocity-Cunre being *7i/iwfi to be convex (Qh, XVII, 12, (3<j); & PI. XX, 7, 9), 
its Side-Space Area (when not sub-divided) was computed by the formula- 
Area =f X circumscribing rectangle = f x fi X vorti (8)| 

where /3 = width of Side-space, (usually assumed to be 2 5', see Art 9, 8^) 
V or M = velocity-measurement nearest the edge, 
f This is equivalent to supposing the curve of parabolic shape in the Side-space]. 
2^ Distributaries, No soundings or velocity-measurements in the Side-spaces. 
The Side-Space Areas were computed as Triangles, and the Side-Space Cubic Dis- 
charges as Wedges (Fl XX, 10) by the formula^ 

Side-space Area = ^ ^H, Cubic Discharge = i /3 . Hv, (9), 

where P = width of Side-space. 

H = Average Depth along Float-Course bordering the Side-space. 
u = Rod-velocity along „ „ „ „ „ 

7b. Side-Space quadrisected, (Simson's Rule modified). — This case occurred 
(Tab. 11) in the Side-spaces at tbe following Sites, the velocity-meaitnrement (oq 
or «q) at the quadrisection nearest the centre (marked in the Tnble with a dagger f) 
being wanting in each case :— 

l*'. 15th Mile, New Site, (no «q between 80' and m, see Fl. XXV). 
2^ SoUni Embankment Main Site, at low water, (no t^ij, see PI. XXXVI). 
8*. SoUnf Twin Aqueducts, near central pier, (no v^og. or i»40|)> 
The edge-velocity (Vt or ««) was assumed zero in each case, so that the Modified 

2 
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Sioison's Rnle (Art 8, !▼) here assumes the simple form, (since 0=sO tliereiit, 

see Fl. XX, 8, wherein the interpolated qoantity q is marked by a dotted line,) 

Area or Volume «= Jfl • {SE + 4 (Q + M)} ^..•.••^ ^ (10). 

7o. Side-Space over s<«^<.— This case occurred at the Sol&nf Embankaoaat Maift 
Site, at High water, in which case the Side-spaoea comprised only the area over the 
immersed steps. The velocity-measurements were made at the points explained in 
Ch. XVII, 6f, 2'', and shown in PI. XXV, The loUowing spedal* loimulae wart 
used for the (Cubic) Discharge-compntatioa. 

[No Surface-, Mid-depth-, or Bed- Velocity work was done at this Site]. 
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D£:K!|ii>=='". 
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0.(D,+ 2D,+ 2D„ + 2D754) 


(iiy). 


D. 


Dq 


D. 


D7ii 


8 


/3.(2Di+D, + 2n.+ 8D7H) 


iUh). 










9 


/3.(2Dt+2Dq+2Dio + SD7H) 


(Hi). 



It will be seen that the formule are based on the assumption that the Superficial 
Discharge past each of the yerticals on which the Rod-relocities were measured is 
approximately the mean Superficial Discharge past any vertical throughout the width 
of either 1, 2, or 3 steps, according to the co-efficient used. 

[This assumption of course leads to errors of excess and defect in sereral cases, 
but— on examining the formuliB— it will be found that the co-efficients are so arranged 
th&t the partial gains or losses over certain steps compensate each other to a great 
extent in each formula taken as a whole, so that the Besnltant Error of excess and 
defect due to this assumption must be small]. 

8. Bolani Twin Aqa6dT10t8.^The procedure at these Sites was to a certain 
extent special : — 

8a, Cboss-Sbction Abba (A).— This was acouratsl^ computed (Art. 4). 

8b, D16CHABGB8 (D and D)-— The Oross-Section of each Aqueduct is so aearly 
rectangular that— viewing the uncertainty of such computation — it did not seem worth 
while in Discharge-computation to take account of the slight departures from the 
strict rectangular form, viz., (PI. II, 4)^» 

* Thew wtre doTisod to meet the preeent oaae, to which none of the preceding ordinary foimnUe 
(of Art. S) are properly i4>idicable In oomeqvfliice of the two outer velocl^*meemremente ii|, 11751 
having been effected over the centres of the top and lowest immezeed sbsps, and nol ol (Jbe «4iM of 
the Side-spaces as required by the ordinary f ormaloa. On further consideration, it appears, however, 
to the Anthor doabtfal whether these new formnte have any adyaiitage in aoooraoy, end whether 
in fact it would not have been at least equally accurate to have used Simson'i or Simeon's modified 
Rules (sooepting the values H|, v^^^ ss n(^»«ai appro«<«MMoiM to the two velocities n^^ Hj^ at Ike 
ed^s and at tkt inner boundary of the Side-epaoe respectively) ; whidi use woold ham had the prao- 
tioal advantage of notincreaalDg the nomber of fbrmnln in oae. 
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P, the ooBtractioii <^ the width (from 86' to S^) by the corbdlingof the outer 

footways above the 7'*S leyel. 
2^ the slight contraction of the width above the bed {hoax 85' to 88'i) below 
the 2' level. 
Accordingly all the Discharges past a Tnnsrersal, and all the Cubic Discharges 
have been eomputed as if the width were 85' uniformly from sorfiace to bed, i.a., at 
^ th« tide-'Vulit were vertieal throughout 

This affects all the Surface-work (which was all above the 7'«8 level), the work near 
bed-level, and the Cubic Discharges, so that^as far as this source of error goes— 

"The Surface-. Bed-, and Cubic Discharges are all over-estimated ", (12). 

But the actual error must be in all cases small, and in many eases quite trying, 
thus — 

1^ Surface'Diseharges. These are the most affected, as the surface-contrac- 
tion sometimes amounted to 8'*0 (when the water-surface was above the 
9' 86 level, PI. I, 3). 
[The maximum error is probably f X 8*61 X 8*00 = 7*22 «;. Jt per sec^ in 
Ser. 53, Set No. 18]. 
2**. Mid-depth'Diseharges. Not affected. 
8®. Bed' Discharges. Error quite trifling. 

4^ Cubic Discharges, Error always very small (compared to the whole Dis- 
charge), and altogether trifling when the water-surface was below the 7 '8 
level. 
[The propriety of this procedure is no doubt* questionable, especially in the case 
of the Surface-Discharges. It seemed to offer some advantage even in this case at 
the time, in enabling them to be compared together more readily (being all computed 
as for a Transversal of same (85') width). And in the case of the Cubic Dischargts 
(although no doubt some redaction could have been made), the appropriate rednctioA 
is by no means obvious J. 

8g« Cubic Dischjlbgb, (D)* — The neglecting (in computation) the departure 
from the true rectangular form, (involving the assumption of constant depth (H) 
right across,) enabled the Cubic Discharge to be computed by the comparatively 
simpler process applicable to rectangular sections, (Art. 6a.) 

9. Departure from exact spacing. — ^In & few cases practical difficulties prevented 
the Float-courses being placed quite in the proper position required for use in the 
approximation-formulas. In these cases the velocity-measurement was accepted as 
a sufficient approximation (for all purposes of Discharge-calculation) to the velocity 
in the proper position. The cases were {see Tab. H) — 

1^ FiJUenth MUe, Old Site, The velocity-measurements at 84' from the 
centre were accepted as equivalents of the velocity at 86', (where required 
for the Cubic Rule.) 
SP* Soldni JEmiankment, Main Site (at High water). The velociiyomeasurfr- 
ments at 74|' from the centre (i. e., close to the 4' drop-wall) were accepted 
as equivalents of the velocity at 76^ (as required for the Cubic Rule). 

• Th« fall data are given in BeU Tab. ZZIX-XZXII, XXUV-ZLT, U LYH, so that the com- 
putation conld be done snew ^ tine readet If wUhed. 
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8^. Soldni Twin Aqueducts, The yelocity-meamiremeiito at 89)' from tiia 

centre (i. e., close to the corbelling, were accepted as equivalents of the 

velocity at 40\ (as reqaired for Simeon's Rale) ; this leaves 2'*5 for width 

of the Side-space under the corbelling, (jiee PI. II, 4.) 

This approximate usage is believed to be sufficient for the purpose, and greatly 

simplifies the labor of compntation. 

10. J^isHng Data.—lt happened occasionally that a velocity-measurement re- 
qaired for insertion in the approximation-formulie was missing from some cause or 
other. This was usually supplied by simple proportional* interpolation between the 
two adjacent velocity-measurements. 

[Example, See ** Simson's Rule modified *' (Art. 8, iv) to suit the case of a 
Telocity-measurement missing at one of the quadrisections of a quadrisected Space. 
This was the only case of frequent occurrence]. 

Occasionally, however, the interpolation was avoided by applying other formuln 
(than the usual one noted in Tab> H) when suitable in the changed circumstances. 

Examples. These cases occurred chiefly at the Sol&ni Aqueduct — 

Ex, I, Side-tpaoe near central pier. Sometimes the velocity-measurement at 
41}', t.e., next to the pier, was wanting. In this case Simson's Rule was applied^ 
the data being at 40^, 41^^, and 42)' (the last velocity assumed zero). 

Ex. 2. Side-tpaee near corbelling. Sometimes the velocity-measurement at 89^ 
i, e., next to the corbelling was missing. In this case the Cubic Role was applied to 
the Inter-space, the data being at 8(K, 82 i^ Zb\ 37 1' ; and the Parabolic Rule to the 
Side-Space, (which extended from 87 ^^ to the assumed edge at 42|^) 

11. Formulffi-Errors. — The effect (upon the Besalt) of an error in 
any of the observation-data is proportional to the weight of that quantity 
in the formulas in which it is to be used, and therefore to its co-efiScient in 
those formalas. Thus certain data are more important than others^ 
(carrying larger co-efficients in the formulce), and are of different importance 
in different formula, (the co-efficients differing) : thus — 

1^ Simeon's Rule, The even quantities are four times, and the odd ones twice 

as important as the end quantities. 
2®. CuHo Rule, The middle quantities are thrice as important as the aid ones. 
8". Weddle's Rule, The even quantities are five tunes, and the middle one is 
six times as important as the end quantities. 
Hence the effect (upon the Result) of an error in any of the data is 
immensely greater in the case of the more important quantities (in pro- 
portion to their weight). It seems impossible to provide adequately for 
this difficulty except by greater care in the observation of these more 
important quantities, and the only obvious plan is to reduce all the partial 
results to equal weight by providing that the risk of error in the observa- 

* The hat mode of nipplyinff a miflring obiervation wonid undoubtedly have been that given in 
Work! on the Gelcnlna of Finite Differences (Me Boole's Work, Chapt III), but the labor of nich 
interpolation would have been quite prohibitory. 
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tion-data shall be inrersely proportional to their weight in the compnta- 
tion-formnlse. This requires that— 

** The number of repetitions of any ob8enration«measnrement Bhoald be propor- 
tional to ita weight in the compatation-formnl»",... (13). 

[This is onlj given as a snggcstion towards f ntore improyement of snch obserra- 
tions : its adTlsability was not perceived till a late period of these Experiments]. 

12. Ahave formula simpie in ««e.— It might be supposed that the formaln above 
given— JQdging merely from the nnmber of pages taken to describe their nse— were 
troublesome of application, bat this is not the case : the co-efficients involved are all 
so simple, and the order in which the odd and even velocity-ordinates succeed each 
other is so regular and simple, that with a little method* in the waj of using them, 
they are extremely eimple and eaty of application, and can be quickly picked up by 
the most ordinary computer, at the same time that there is conaiderahle gain in accu" 
racy in their application. The use of ruled forms especially facilitates methodical 
work. 

[A specimen page of computation of a Cubic Dischai^e by these formal» is given 
in Abstr. Tab. 34, preceded by the Field-Book (Tab. 38) containing the Field-data. 
The details given are those of 9-1-79 in Sen 201]. 

IS. Simpler Approximations^ Err in d^/^c/.— Simpler approxima- 
tion-formnlse than those given above will generally err constantly in defect 
in the long ran^ (thongh not necessarily in any single instance.) 

The two following classes of Resnlts :— 
l^ (a), Cross-Section Area (A), 

(I), Superficial Discharge past a Transversal (D), 
(0), Cubic Dischaxge (D) in a rectangular channel, 
2\ Cubic Discharge (D) in a concave bed, 
are affected to a very different extent. 

The former — all under Class 1° — being all measured by the Area con- 
tained within their respective bounding carves, the only simpler formulae 
that could well be proposed would be the Trapezoidal and Arithmetic 
Mean Rules quoted in Ch. XIII, 2d. And since these Carves are gener- 
ally concave towards their several Base- Lines, it follows (precisely as in 
that Article) that both these Rules must err in defect in the long run. 

f The Error is of course not very large ; still there being sufficiently simple and 
more accurate Rules available, there can be no excuse for not usbg them]. 

But, when applied to the Cubic Discharge over a concave bed, there 
is considerable risk of introducing an error in defect in two ways; viz., 

both— 

Vf through the general concavity of the bed, 

2®, through the general down-stream convexity of the Mean Velocity-Curve, 
either of which separately would produce its own small error (constantly 
of defect). But when these two independent sonrces of error are com- 
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bined— as they certainly wotdd be by certain ways of application of the 

simpler approximations (sucli as the Trapezoidal and Arithmetic Mean 

Bules) — the error resulting is no longer a omaU one (unless indeed 

the Tariations of both yelocity and depth throughout the greater part 

of the cross-section be themselves yery small), and is coneiantltf one 

of defecU 

[ThiB could not be euily prored in any veiy ihort eompass, and mtut be accepted 
as a known nuitiiMnatical Resolt]. 

14. Present Sesults.— The formul» above described (Art. 8-^8) 
were applied as follows :*• 

Area^Compuiation. Only certain << fnndtmental Areas'' were oompntod direct 
from the formalie, and the rest were interpolated. This is fnlly ezpUuned in Gh. T , 
18— 19b. 

JHtehar^e'Computatum, No interpolation was here admissible. The Discharge- 
Measnremants (D or D) were oompnted direct from the formnlie uparatei^ f^r 
every SET of yelocity. work past a Transrersal, and are shown in Col. 7 thvonghont 
Tab. XXIX— LYII, and Col. S thronghoat Tab. LVIII— LXX. These are only 
Fair Discharob-Mbasubbii ents according to the principle of Oh. VI, 16. The 
Means at the foot of the several Series are the best Avbraob valaes that the ever- 
Tarying state of the Canal permitted to be obtained| nearly freed from Obserrers' 
personal equation (Ch. VI, 18). 

An Abstract of the Results (Mean and Range of each Series) is given in Abstr. 
Tab. 18-18 & 20-22- 

15. Cubic Dischargei Rboapitulatiov.— The measurement of the 
Cubic Discharge passing through a channel is so important a matter in 
practical Hydraulics, that it may be well to recapitulate briefly the pro- 
cess used in these Experiments. The process naturally divides itself 
into three very distinct Steps. 

Step L Obtaining the Avbbaob Dbpths along a number of lines (Sounding* 
Courses) parallel to the current-axis, by sounding over a number of cross^sections. 
iStbp IL Measurement of the Mean Velocitibs past the verticals through 
the points where those lines meet the central cross-section. 

Stbp III. Computation. 
The time required for each Step (at any particular Site) depends of 
course entirely on the approximation arrived at, i,e, — 
P, on the number of Cross-Sections sounded over. 
2^y on the number of verticals of Mean Velocity-measnrement. 
8°, on the number of repetitions of each velocity-measurement 
In the present Experiments the time occupied was as follows at the 
large Sites :— 

Stbp L Souniin^ along 15 to 17 Sonndin^^TounNS and In 8 Cross^Seetions. 
Time8to4hoai8. 



Digitized by VjOOQIC 



▲BT. 1&— 16a. f87 

Stif IL J#MiiF»l0dt^«sfi0WMfi««inl5toSl*FlotKkNiiiO9|«^ 
repMtod. Tiim 3 to 4 honn. 

Stbp in. Co9iputation, About 2 hoon. 
[This iMt Step (Compntation) includes the following :**- 
l\ Bedaetion, Inking, and Checking Field*Book, ue Tab. S3. 
2®, Discharge-oonpntation, $ee Tab. 84> original and checking. 
A number of each coapntationa can, however, be done proportionate!/ more 
rapidlj than a single one]. 

15a. ADVANTieBs oy PBoons.— Theohief adrantages of this process 
are the two following : — 

1^ yelocitj-meaaaromenta are obtained from many different parts of the chan- 
nel ; so that the Bnal Result is certainly some sort of Ayerage Result of the wholes 
ittdependeotly of all Theories. 

a*. The whole Field-work of the Telocity-meaBurement is carried out within a 
moderate time (say 2 to 4 hours at large Sites), within which the External Condi- 
tions depending on the Control — ezcludmg therefore the Wind— would be gener* 
ally tolerably constant 

This last adrantage cannot h$ werraUd: it renders unnecessaiy tbe 
application of any so called ''correction'^ to reduce the Besnits eompoted 
for one part of the channel to comparability with those computed for an- 
other nnder changed External Conditions {e. g,^ changed irater^leyel, or 
changed snrface-slope), or to reduce actnal velocity-measarements to 
mean velocities. The necessity of applying any such ^' oorreotions " is a 
great disadvantage, as in the present state of Hydraulic Science they 
mnst be looked on as to a great extent hypothetical. 

The comparative speed with which the whole Field-work can be carried 
through depends of course on the power of rapidlf obtainimg the sought 
velocity-data (Mean Velocity past each vertical) by some single operation^ 
and depends therefore in the present Experiments on the use of the 
Mean VeIocity-Eod» 

This involves of course the fundamental hypothesis (proved true ia 
Ch. XV, XVI) as to thesufl&cient approximation of the Rod-velocity to 
the sought Mean Velocity past a vertical, but this is the only hypothesis 
made. 

1& Ciikie fiischaxge, Orasm Expkrimskts.— It will be inatroctite 
to compare the mode of computing the Cubic Discharge employed in 
the other large Experiments. 

16a* CuANasD Conditions, Other JErperimentM.^lji the Experiments on the 
large Rivers, (Mississippi, Lake River, Connecticut, Irrawaddi,) it is by no means dear 
. * Tha nnmbec of FloatOonrMi womMmn tzoteded thA number of Soandlog^Ooiuwf ; via., tt 
Sites with Begnlar Banks, the Cross-section of which was oUalnel oaoe tsr all (Ch. T, Ma) bf 
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(from ihe published Reports) whether the whole of the Telociiy-meftsiirements from 
which each separate Dischai^ge was compated were executed in one and the same daj. 
Bat it seems almost certain— partly from internal evidence* in the Text of those Ex- 
periments, and partly from the great difficulty of the field-work on these large 
rivers — ^chat in very many of ike ca»ez\ the complete Set of data were not col- 
lected in one and the same day, bnt in part on many different days. ' 

The combination* of data must in this case have been made chie6y from data at 
nearly the eamenater-leveltiynAi a selection perhaps of cases in which the velocitiefl 
were somewhat similar.) But the evidence of the present Experiments of great oo- 
riatione in Discharge with nearly same water-level, (even with nearly same Surface- 
Falls in the Sub- Reaches above and below the Site,) is sufficient to show that— in the 
present state of hydraulic science — the approximation to similarity of External 
Conditions is very uncertain, so that such combinations should be avoided if possible. 
To enable this to be done, it is essential that the whole of the data for any one Dis- 
charge-measurement should he collected within a few hours, 

l6b. Jtfw«. Iteport, (pp. 226—228, 262, 263).— The total breadth (J) of the Croes- 
section was divided into Spaces of 200* width. The velocity deduced from the 
mean of the timings of all Floats passing within any 200'-Space was accepted as the 
approximate mean velocity (say n) through the whole area (say a) of that Space, 
(ascertained by sounding ), so that, 

Approximate (cubic) Discharge through any 20(/-Spaoe =lia- 

Approximate Total I sfna^ i ^® ^°™ ^^ ^^ "°^^ partial Discfaaigea 

Cubic Discharge D ) "~ v«**/> ] throughout the whole breadth of the river. 

The velocity-measurements were distributed in two ways, of very different value— 

1» At Carrollton in 1861,— At all depths. 

2'. In 1867-68,- Only on a Traosversal at 6* depth. 

In the former case, the Result D was considered final. In the latter case it was 

considered only as approximate, and was ** corrected " by multiplying by a certain 

oo-efficient of correction, viz., by the ratio Um -r U5, where — 

Ubs grand mean of the mean velocities past all verticalSi 

Us = mean velocity past the 6^-depth transversal, 

deduced from their vertical velocity-curves. 

With the data availatle, it seems difficult to suggest any better process, (the data 

being insufficient especially in Case 2^,) though it is easy to see some points wherein 

an improvement is desirable, via.—* 

V*, The use of the arithmetic mean of the velocities in any one 200'-division as 

the Mean Velocity through the area corresponding gives a result somewhat too small 

(when the velocity-surface is wholly convex down-stream), even when the bed is 

level ; but if the bed be concave, and the partial areas be also under-estimated— say 

through use of the less accurate f ormuUe — the Resultant Error (always in defect) will 

be probably no longer a very small one (ArL 18). 

2®. The mode of determining the value of the ratio Um -7- XT5 is also open to great 

doubt. It appears (pp. 260, 263, ib,) equivalent to assuming that the same parabolic 

* The pMiages are too nnmerons to quote. 

t In fact 100 Floats aoem to be about as many asoaa be obssnred in one day on alarge tivir,fet 
Lake Snrray BQwct of 1M9, p. MS. 
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relation exists between the Mean Veloeiiki past each transrenal from snrface to bed 
as between the Telocities at different points of any one Tertical from surface to bed« 

l6o« ^Ait« JUver Report nf 1869, (pp. 571, 575). — Velocities were observed 
at every 5' of depth on many verticals nsnally at 200' apart, except near the bank^ 
where special spacings were nsed : this of course occnpied many days. Again, 
Telodty-measorements were made at many points— at same (200^, &c} spacing as 
before— on one or more transversals (at selected depths), the Set on any one trans- 
rersal being carried ont foiiMn a single day. By help of these last the velocities 
past the several verticals were reduced to what they woold have been if all observed 
cm the same day, and also to the centres of the 200^ spaces. 

LThe mode of reduction is not explained, bat see Art 16a (above) as to the extreme 
nncertainty of such reductions]. 

Each " reduced velocity;*' (say n) was multiplied by the partial area a to which 
It applied, and the Total Dischax^ge D was found as the sum S (u . a) of all such 
products. 

I6d. Cmneeticut Report of 78 (pp. 352, 858).— >The mean velocity (U) past each 
vertical was multiplied by the Average depth (H) in the Float-Course : and the sum 
of these products S (UH) was divided by the sum of the depths S (H)* This was 
accepted as the equivalent of the Mean (Sectional) Velocity (V) ; so that the (yubic 
Discharge was found by multiplying this value of V by the Cross-Section Area, so 
that D = {2 (UH) -7- S (H)} X A. The Besult is admitted to be ^slightly too 
small", (p. 853.) 

In some cases the Discharge was computed from Mid-depth-velocity measurements : 
In this case a sort of Mid-depth Mean Velocity (say (U^^) was computed in same way 
as above, viz., U^^ = 2 (o^, . H) -2- S (H> This was multiplied by the ratio 
(U -T- 0.^) of the Mean Velocity past a vertical (IT) to the Mid-depth velocity on that 
vertical (v^^ (as ascertained by Experiment on a certain number of verticals at the 
Section), and the Besult was accepted as the equivalent of the Mean (Sectional) Ve- 
locity, (V) ; and the Cubic Discharge (D) was then found as the product AV- 

[This is of course open to the objection that it involves the assumption that the 
ratio U -7- v^^ is constant for all verticals, and equal to there^nti^ ratio V -5- U^ J. 

16e. Irroioaddi Report oj '79 (p. 21).— The whole width (b) of the river was 
divided into a certain number of Spaces f of unequal width) within each of which the 
surface-velocity was found to be nearly constant The mean of all surface velocity- 
measurements within each space was taken as the Average Surface-velocity (o^) of 
that Spaca 

This was multiplied by the ratio (U -^ v^) of the Mean Velocity (U) past verticals 
within that space to die surface-velocity (v^) (ascertained by Experiment within that 
space, and at nearly the same water-level), and by the partial cross-sectional area (a) 
within that space. These Results are the partial Discharges through the several 
Spaces ; and the Total Discharge was found as the sum of all such. 

[In the application of this process, the approximation of course depends on the 
legitimacy of the ratios U ^ o^ used. The use of a special value of this ratio for 
each space, and the change thereof with change of water-level Is (theoretically) a 
great improvement on the process as used in the MissiBsippi and Connecticut com- 
putations]. 

2p 
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17. Diachaige-Variation.— From tbe mode of compntaiion, it is ob- 
yions that the Discharge-measarements obtained depend on two to three 
factors, as follows :— 

1% DUeharge poit a Tramversal (D), on two f acton, tIz^ breadth and Tdociljr. 

2^, CuHe IHicharge (D)f on throe factors^ Tis., breadth, depth, and relodtj. 

Of these, the depth (which affects only the latter) and the velocity are 
alone snbject to great variation. The breadth either remains constant 
(as in rectangular sections), or else changes with the depth, the utmost 
change bong, however, only a small fraction of the whole breadth : this 
change is usually one of increase with increase of depth ; the reverse 
change of decrease with increase of depth occurring only in exceptional 
cases (as in the Solani Aqueducts under the corbelling). 

The change of Discharge (of each kind) due to change of breadth— 
being small — ^is liable to be quite masked in the changes due to change 
in the other factors, and is not worth discussing. 

Discharge past a Transversal. — This Discharge will thus obviously 
increase and decrease along with the remuning factor (velocity) : this re- 
quires no discussion. 

17a. Cubic DiscHABas*— The two chief Tariable factors (depth and 
velocity) in the Cubic Discharge-measurement are liable to great and 
independent variation, so that it might be expected to increase and decrease 
with them jointly — not necessarily with increase or decrease of one only. 

A glance down Col. 7 of Abstr. Tab. 14— 18j wherein the Series are arranged h^ 
falling mater'levei will show at once that as a rule-- 

** The Cable Discharge at any Site increases and decreases rapidly with rise and 

fall of water-level", (U). 

This Besnlt may be confirmed by examining the detiuled (Discharges in CoL 7 
of Det. Tab. XXXIV— LVI), which are also arranged within each Series generally 
by falling water-leyel ; a general decrease (with, howeTeri many irr^folarities) m*// 
he oMoui on the whoU, 

[Ser. 106, 112, 151, 156, 165, 196, 216, 217, 222, 224 afiEord pretty good instances 
of this]. 

I, As to the irregular decrease within a Series, it is to be remarked that the fall of 
water-level admitted within a Series is so small, that any effects dae to it are liable 
to be masked by even small changes in the other factor (yelocity). The Unsteady 
Motion alone is safBclent to canse irregalaritles, the individoal Discharges depending 
on only a limited number of yelocity-measnrements]. » 

The effect of velocity on the Result is well seen in the folk>wing Abstract (ar- 
ranged by falling water-level for each Site), which contains only the Average 
llesnlts of the Series quoted, so that the effect of Unsteady Motion must be in many 
of the cases faiily eliminated. 
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4.00 

3-fiO 
3^8 
3*18 
3*12 
3^13 
S*88 
2^eG 



481^ 

212^ 

805- 

740*2 

007-8 

020*7 

496*3 



Iff? 

161 
162 



8.12 
6^8 



3,973 



4.832 170 
4.&G0^171 
17S 

173 
174 

175 
176' 
177i 
178! 
179! 



2I S-64 
£ 3>«2 



3.5R 

3^47 

3*04 

2S0 

2*83 

2*4 

2-13 

i*y2 



1,124 
643-3 
483*3 

820-5 
8§7*6 

1,14« 
839*9 
852-5 
457'7 
626<0 



These Results show sach large, in seferal cases very large, departnre 
from the general mle of increase and decrease with rise and fall of water- 
level, as to proTe the other factor (viz., velocity) io he of at least egual 
importance. 

17b. YELOOiTT-VABiATiov.^In endeaforing to trace the dependence 
of the Discharges of each kind (D or D) on the External Conditions, it 
wonid be better then to eliminate the effects of variation of breadth and 
of water-level if posdble. This can be done in a general way, viz., so far 
as the breadth and depth enter direcUy into the Beault (as factors) by sim^ 
pie division of the Discharge (D or D) by the breadth {b) of the Trans- 
versal, or by the Cross-Section Area (A) respectively, according as the 
Discharge past a Transversal (D) or the Cnbio Discharge (D) are nnder 
discussion. It will suffice then to discuss the dependence of the quotient 
(Mean Velocity of either kind, viz., U = D -f- 5, or V = D -f- A) upon 
the External Conditions. This will be reserved for Ch. XX. 

18. Cabio Discharge constant. — It seems almost certain d priori 
that even though the motion of particles be very unsteady, yet the 
Cubic Discharge is sensibly constant when the average free-level is steady 
for a length of time at several Gauges at a good distance apart, or 
shortly that— disregarding the small momentary oscillations of free- 
level — 

«« The Cable Diachargo is senfiibly constant £rom instant to instant ", (15). 

In this way the Cubic Discharge differs markedly from the Superficial 
Discharges past a vertical or transversal, which are ahnost certainly vari- 
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able {m Ch. XI7, 4 ; & XX, 8a) from instant to instant. It follows that 
the term Avbbaob should not be applied to the Cubic Discharge in the 
same sense as to the Superficial Discharges. 

[The causes of the cosfliderable yariatioiifi of the Cable Diacharge-measDrementB ob- 
vious in the Tables will be discussed later]. 

19. Discharge-Error. — An Error in estimating any of the factors 
(breadth, depth, or velocity, see Art. 17) which enter into the compu- 
tation, will of course produce a corresponding error or uncertainty in the 
Discharge-measurements. 

19a. Bbbadth-Ebbob.— An Error (A&) in estimating the breadtih (5) is— in 
a channel of great width compared to its general depth— of oomparatlTely small im- 
portance even in the aheoluie JUeuUs^ as from the mode of spacing adopted (chiefly 
at fixed points), the effect of an error in breadth wonld fall wholly in the *< Side- 
spaces ", in which both the velocities and depths are usually least : Uie greatest error 
possible wonld be— 

**Max. Error in Discharge past a Transversal = n . Aft", .•••.(ISa), 

** „ „ Cnbic Discharge sH.V.Ai'*, - 06&)» 

where H = Mean Depth of Side-space, 

M a = Mean velocity past Transversaljui Side-spaoe» 

-„ V = Mean sectional velodty throngh Area of Side-space. 

And, in comparing different Besnlts at the same Site at nearly the same water-leve!, 
this Error is of trifling importance, the valnes of H, and— except for changed control 
.—of a end of v also being then nearly alik& And further, in such comparisons 
even a considerable eonetant Error in breadth would matter little, as it would affect 
the Besnlts nearly alike. 

[Thus the over-estimating the Surface-breadth at the SoUnf Aquedncts (Art 8b) 
does not sensibly affect comparisons of Besnlts within the same Series, the breadth- 
error being nearly constant throughout a Series]. 

IQb. Dbfth-bbeob.— This affects only the Cubic Discharge-measurement An 
error in depth (AA) is of much greater importance in a channel of small depth 
compared to its width, than an error in breadth. If it arises from an error in sound- 
ing, it will (from the mode of computation) only affect the partial Discharge through 
the two Sub-Spaces adjoining the erroneous Sounding ; but if it arises from an error 
in determining the water-level, it will affect every depth-factor alike, and in this case 
the Besnlt is the comparatively large quantity,— 

"Error in Discharge = J . V • AA", ;..(17). 

As explained in Cli. V, 15, the depth-factors in these Experiments all depend ulti- 
mately on determinations of water-level, so that any cause producing error or uncer- 
tainty in water-level determination is liable to produce the above Error in the Besnlt 
This affects not only absolute Besnlts, but also comparisons of Discharge-measure- 
ments at the same Site (even if done in succession,) as the depth-factors in each depend 
on different determinations of water-leveL 

19c. WiNB-EFFECT.— From the above it is dear that a high wind may— inde- 
pendently of any real effect on the ** forward velocities "—affect the Cubic Discharge- 
measurements merely through its disturbance of the water-level in the neighbourhood 
of the Gauge (Ch. V, 11, 15), so that- 
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" A eitwB wind is liable to cane tsxetn or defect in Cubic Difleharge-meunre- 

ment according as it blows towards or from the Gange", (18)« 

It is worth noting that this Error oonld only be discorered by comparison of Dis* 
charge-measnrements at different Sites differently exposed to Wind. It would be 
quite nndisooYerable in comparing Discharge-measurements at the same Site, because 
tiie Wind affects the Gauge-Reading and Diseharge^measurement aUke, so that the 
Besults would apparently agree. 

[The maximum Error produced is probably very small (compared to tiie whole 
quantity), thus the greatest obserred difference of lerel between the water-leTds of 
oppoeite banks was only *07' (Tab. LXXYI), or probably -085' (or say -04) of Error, 
ms in a 200' width with 5'*00 per second mean Telocity would cause an Error of 40 
C. ft. per second]. 

19d. Vblooitt-Ebbob.— It has been already explained (Ch. VI, 16) that the 
single Discharge-measurements of all kinds in this Woitk cannot— in consequence of 
tiieir depending on Telocity-measurements, which are neither simultaneous nor yet 
proper aTcrage Talues— pretend to be good measures, but should be looked on only as 

Fair Dl80HABaB-MBABUBKM]&RT& 

[It wUl be understood (Art 18) that it is not tkeCuMe Ditekarge itetHf that U 
eubjeet to momentary variation ; but that the measure thereof, i &, the Discharge- 
measurement is an imperfect one in consequence of being derlTed from imperieci 
ATerages]. 

20. Old and New Besults (Abetr. Tab. 28).— The Table ebows ihA 
Cable Discharge of seyeral of the Beaches corresponding to each half- 
foot of the Standard Gauge of the Reach, viz. — 

(1), Booikee Reach ; (2), Bdra Reach ; (8) Kamhera Reach ; 
also the Oubic Discharge of the four small Distributaries for a few odd 
depths on their respective Oaages, both according to the Results of 
these ExperimentSi and according to the official Oanal Tables in use at 
the time, 

[The figures quoted for.the present Experiments are interpolated roughly between 
the actual Results at the gauge-readings near each half foot : where very discrepant 
Results are obtained, the highest and lowest are giTen. There was unfortunately 
no offidal Table extant for the Jaolf Reach, so that no comparison is possible fat 
that Reach]. 

20ai Oanal Tables^ — Before proceeding farther^ it is necessary to 
explain how the Canal Tables were prepared :— 

20b. BOLANi Aqueduct axtd Bblba Tablb&— These Tables were bssed on 
actual Experiment, t. e., on a few aetual Diacharge-measurementB (say Di» Dj* &c., 
computed as explained bebw) at certain gauge-readings, (say hi, A,, &c.) These 
are the fundamental Discharges of the Table. Each of these (Dn Di* &c) being 
dirided by the corresponding Cross-sectional Area (say A], A„ &c.) giTes the cor- 
responding Mean Velocity (V|, V3, &c) The Mean Velocities (V) for all other 
gauge«reading8 (A) were interpolated by assuming that V oc ^B throughout each 
iaterral, and lastly, the Cubic Discharges (D) were obtained as the products AV. 

For the fundamental Dischaiges (Di» D21 &«.), surface Telocity-measurements were 
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made at the middle points of each o£ diroe equal primaiy Spaecs trisectinf the 
Biirfaoe-breadth. The Wet Borders (B', B^, B0» Areas (A*, A^, A'), and HydnuOic 
Mean Depths (B", Bo, ROi f^d also Bazin's co-efficients (o'^ C« oO connecting Mean 
(sectional) Velocity with mazimnm velocity were computed aepanitely for each Space. 
The Mean (sectional) Velocities CVi Vo» VO <^ ^^ch Space were found by reducing 
the ATerage surface velocities {v% v^, v') by the corresponding co-efficient The 
Cubic Discharges (D't Do» D') in each Space were found as the piodncta klTf 
AqVo* A'V s and the Total Cubic Discharge as the sum thereof. 

[Note :^The values of B— the oompntation of which is the most labotioos part of 
the process— are required solely for determining the co-efficients (o) which depend 
on R. The Wet Borders (B', B') of the outer Spaces Include both the bed and bank 
thereof : the Wet Border (B^) of the Centre Space includes only the bed thereof]. 

The **fondamental Discharge-measurements" were mostly taken at the greater 
depths ; from this it results that the Tabular Results at shallow depths prai^cally 
hang on those at the greater depths being connected by the Rule V oc V R vith 
Mearcdff annf chtck available from actual Discharge-measurement in shallow water. 

20e. Kamhkra BBiDas Table.— The Mean Velocities for each gauge-reading 
were computed from Bazin's Formula V s= C • V RS t with an OMaumtd oomtaid 
^'^^M^n^^orSi (which is somewhat more than that of the bed). The Diachargea 
were computed from tiie formula D := AV. 

[It will be seen that this Table does not depend* on any actual velocity-meaBnv»- 
ments at all, bnt solely on a single ideal slope]. 

20d. DiSTBiBUTABiBS Tabljbs.— These Tables were formed by interpolation 
(by precisely the same Method as for the SoUnC Aqueduct Table) between a few 
fundamental Discharges. 

The fundamental Dischaiges were computed from central surface velocity-measure- 
ments by the formula D = • t\, . A, where c is Baun's co-efficient for reducing 
central surface velocity (o«) to mean velocity (V). 

20e, Official Results small. — ^There is strong reason to expect that the 
(fundamental) Discharges compnted as above described would usuaUy 
err in defect^ as several causes— chiefly depending on the use (or misuse) 
of Bazin's co-efficient— combine together to prodace defect. 

1^ Use qf BMMCi Cfhejffieietit This co-efficient was derived from small scale 
Experiments, (Ch. XX, 22,) in which the resiBtance of the bed and banks Is much 
more influential than on the large scale : the value of the rednction-oo-efficient so 
obtained is therefore probably too small for the liirge scale* 

2°. Use of 8wrfaee-V€locitieM, Basin's co-efficient was certainly intended to Mt 
the ratio of Mean to MasUrikm Velocity (V -^ V). The use of surface-velocities 
instead of maximum velocity causes an error In defect (Ch. XX, 22a). 

3^. IHieetion qf width. Bazin's co-efficient is wt applicahle to jtortkms of a 
erosi'iection of a channel, but only to the crou-ieetion at a whole. The application 
to portions of a cross- section separately (as if they were independent channeb) causes 

• It is rigbt to aay that the Kambora Boadh channel had boon ooDdderably widened aboat a year 
bcforo tho present Sxpocimoots woro made, and that the Table in question was only a temporaiy 
one, awaiting the formation (for the altered conditions) of a Table based on actoal Discharge- 
mcasnrcmcnt almilar to those of the other Sites. 
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enor ia defect increasing the more the additional observed velocities decrease (in- 
asmiich as the (single) mozimnm velocity of the whole cross-section should have 
beennsed). 

4?. Area»Formul€e, The Cross-Section Areas were (it is believed) compnted 
from equidistant soundings chiefly by the Trapezoidal or Arithmetic Mean Bnles : 
these give Resnlts nsoally too small (Art. 13) in conseqnence of the general cooca- 
▼ityof the bed. 

20f. DiflCnSSion.— There is a pretty dose agreement between the Resnlts for 
the Kamhera Beach: bat from the fact that the oflScial Table lor this Reach was 
only a provisional one, based on an asnaned eomiant shpe, and not on actual velo- 
city-measurement, there can be little doubt that th.e fair agreement of the new Results 
therewith is accidental ; and is no evidence of the correctness of either, the fact 
being that the surface-slope (which is what should be used in Basin's formula) is 
tertainly not constant when the state of Control is changed. 

As to the other principal Reaches (Roorkee and Belra), there are three points of 
striking contrast between the ExperimentB' Results and the CSanal Tables, viz— - 

P. The new Results are—at high water— uniformly much larger than those of 
the Canal Tables. 

2^. At low water the new Results are extremely variable. 

8°. At low water even the maxima of the new Results fall short of the Ctjul Tables. 

The first Discrepancy may be explained by supposing either (1), that the new 
Resnlts err in excess, or (2), that the Canal Tables err in defect, or (8), that both these 
errors exist And* the excess of the new Results might at first sight be taken as 
evidence of an excess error inherent in the use of Rod-velocities (without the appli- 
cation of a rednction-oo-eflScient), due to the foot of the Rod not graong* the bed. 
But if this were really the case, the excess in question should be relatively much 
laiger at low water, (because a small ** Lift ** of the foot of the Rod above the bed is 
a much larger fraction of the whole depth at low water than at high water,) whereaa 
the excess actnaUy disappears at low water (see 8^ above). 

On the other hand, there is strong reason (Art 20e) to expect the IQQgh Water 
Results of the Omal Tables to err in defect 

Lastly, the excess of the low water figures in the Canal Tables over the maxima of 
the new Results at low water is probably due to the dependence of the former chiefly 
on high water Experiments (Art 20b). 

20g. Vabiability of new Bbsults. — ^The variability of the new 
Resnlts <U the same depth is of oonrse dae to the yariability of the velocity 
factor even with constant depth (Art. 17a, b), the Experiments haying 
been so nmnerons as to be performed nnder greatly varied Conditions at 
certain depths. The dependence of the yelodtj on the External Condi- 
tions will be discnssed in next Chapter. 

81. Bisehaige-TableSd — Enough has been said to show that the mere 
depth of water at a Qauge is yery far from being the only — possibly not 
the most— important element in the Discharge, so that a '^ Discharge- 

• This objection hoB already been disposoa of, mc Oh. xy, Hb, 9i XVI, lO, ii. 
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Table" ought certainly U> he one of double entry ^ (showing botb the 
Gange-Reading and Sarface-Slope as Arguments.) 

[The Qanges Canal Official DiBcharge-Tables purported to show a definite Dis- 
charge for a given Gauge-Reading. Snch a state of things would seem to be possible 
onlj at a Site with permanent bed, and there only when the External Conditions were 
vXi fixed for a given Oauge-Heading, whereas in this Canal they are extremely Tan- 
able (from the great powers of Control)]. 

22. Bischaige-Fonniils. — Most Cabic Discharge-Formula as yet 
proposed are of the form D cs A. V, exhibiting the Area and Mean Yelo* 
dty as separate factors, so that in comparing Results computed from the 
formulsB with experimental Results, it ts sufficient (and also more* conveni- 
ent) to compare only the Mean Velociiiee. All such comparisons are de- 
ferred to next Chapter. Most formulie of this type are really empirical, tie., 
the functional form has been assumed (by mere guess work, or with help 
of some admittedly imperfect Theory), and the co-efficients only haye 
been fitted to agree with such Experimental Results as were available. 

22ft- Hoseley^B Di8Charge-TonttaIa.—Thi8 formula is not of the usual type 
D = AY, so will be discussed at once. It has a special theoretic interest in being 
one of the few cases in which an attempt has been made to deduce a formula from 
a rational Theory of Fluid Motion. The expression proposedf for the Cubic Dis- 
charge in an Open Channel of any form is— with symbols changed to suit this Work- 
as follows :— 

Discharge in cub. metres per sec, D'ssi—- .| 1-(1+2R').«**'^ j . »o'» 

where B', R' are expressed in m^res, and vj in metres per second. 

An attempt is made to verify this formula by comparing the numerical Besolts 
given by it with 46 of Basin's Bxperiments in Open Rectangular and Trapezoidal, 
Channels not exceeding 2 metres (about 6' 6') in breadth, nor | mdtre (about r*6) 
in depth. The Discrepancies are in most cases only small fractions of the Total 
measured Discharge, though in one (case No. 6, on p. 49 same Volume) the Discre- 
pancy is 60 per cent of the measured Discharge. 

This general dose agreement with Basin's small scale Experiments turns out, how- 
ever, to be a Tery poor Test of the formula, for when applied to large scale Results 
it fails so entirely, as to be obviomly faulty inform* 

This can be shown in a general manner (without taking the trouble of making the 
complete numerical computation) as follows :^ 

It is obvious that the quantity (1 + 2 R") . c-<k' is always a + quantity rapidly 

decreasing as R' increases. Hefnce the above expression gives a Result always lees' 

B* 
than i^Vo' <^^^i^ metres per second, (where B',R',9o' are all expressed in metres), 

and therefore the— 

• in conwqneiioe of the Mean VelocitiflB being comparatively amftll nixmben. 
t Moseley'f "Steady Flow", PbUoa Maga.^ YoL SUY, p. W, Bq. (6() or <e7V 
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Diacharge (in cub. ft per sec.) ia alwajs < ^ ^ ' X -5*. 

B 



K ' 3-281 



or < 6-382 -^ . v^ 

A 

where B, R, v^ aie measured in feet. 
Now applying this to the following cases from thcM Experiments :— 



Site. 



Data. 



Value of 



Calioaldbe>I>] 



Cable 
DiachATRe 
Meamxe- 

ment. 



Sol&nf Left A qnednct, • • • • 
Bolinf Right Aqaednct, •• 

SoUnf EmbaiJunent Main Site, 
fifteenth Mile, New Site, 
Belra Site, • • • • »^ 

JaoliSite, 

EamheiaSite, 



106 
108 
151 

201 
211 
221 



100-2 
106-8 
190-8 
1820 
196-4 
200-2 
69-6 



6-76 
7-96 
9-84 
9-49 
902 
7-82 
4-84 



4-os 

4-66 
4-91 
3-67 
3-43 
3-40 



324 
323 
512 
507 
480 
478 
263 



2,828 
8.429 
7,169 
7,187 
5,611 
4,681 
961 



It will be seen that the computed Besnlta (ralues of 5*382 -^ v^^, which should be 

all greater than the Diachai^ge-measurements (D), are actually only from ahovt i to 
^ of the latter^ so that the formula is eridently useless. It is in fact only quoted as 
being one of the rery few modem attempts to construct a formula for Discharge on 
a rational basis (i,e,, not purely empirical), and to show the danger of rerification 
based solely on numerical comparison with small scale Experiments. 

[This failure is probably connected with the failure of the Yelodty-CnnreB deduced 
from the same Theory, pointed out in Ch. XYIII, 8c]. 



2q 
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CHAPTEE XX. 

MEAN VELOCITY. 

iVc/OM.— Thli Chaiiter treats of Xeaii Vdod^-measnTCment, (Art. 1, % 4—^ TS,) and iti Varifl- 
tion, (Art. l—Zh, IS— I6dp) and a]ao oontainaa oritloal diacaaiioii of Tariooa rapid AppnudmatiOBs 
thereto, (Art. 7— ]2f, 17—29.) The meet important Artlolea are (omitting the detail) Art 1—^ 
14, 16, 16c SOa, SI, 33a,c, 38e, t6— S9, (eqmdaUy the laot three.) The Concliulona (Beaolti (45% 
i^)f i^h <*te), (67), (66)) as to the Tazioiu appwrfimationi are of greai prueUeal avortMce, 

1m Hean VelocitJi pabt tbahbvsbsal, and sBcrrioKAL. — ^It w3I be 
conyenient to discnss these two sorts of Mean Telocity to a great extent 
together. They have already been defined (Ch. IV, 8) as follows : — 
Mean Veloeiiy pott a TrantvertaL *<The Mean of the 'fonraxd yelociiiea' ti 
ell points of a Tnnsrenal \ 

Mean Sectional Velocity, "The Mean of the < forward Telodties' at all poials 
of a Croea-section "• 
It seems clear that their proper yalnes are :— 

M^nS^^VeUKi.,. V=,sS^g^^=D _^ 

The importance of these quantities consists almost entirely in their 
nse as a Step towards computing the Cubic Discharge. 

[The only TransrenalB experimented on were those at Snrfsce, Mid-depth, and 
Bed ; when neeeesaty to dietinguiih these the symbol U is written XJ^ V^^^ U^ 
lespectiTely]. 

2* Arithmetie Mean too #»ia/2.^For the same reasons as in Ch. XIV, 2, ^.v., 
the Arithmetic Mean of the yelocity-meaanrements (of each kind) past the seTeral 
Terticals right across the channel, would giye— -an approximation of coarse, bnt^ 
usuaUy too ttnaU a resnlt 

[This comrse seems to hare been nsed in the Mississippi Report (eee Tables, pp. 
237, 240, 242 thereof ) in the case of the 6-foot depth Transrersal]. 

8. Mean Velocity Variation small.— It is dear that the Mean Velo- 
city past a Transversal, and the Mean Sectional Velocity being the means 
respectiTcly of all yelocities past the Transversal or through the Cross* 
section, their yariation must be some sort of mean of the variations of 
the individual velocities, so that in fact- 
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*< The Mean Vdodty past a TraiisverBal, and Mean Sectional Velocity are leM 
variable from instant to instant than most of the IndiTidaal velocities of which 

they are the mean", ^ • (8). 

[An examination of the line 8 of ** Ranges " of the velocitiea throughout Det. 
Tab. XXIX— XXXm, and XXXIV— LVI will amply confirm this]. 

3a. Mean Velocity past a Transversal not constant. — It is indeed quite 
possible that the yariations of the individaal velocities past a Transversal 
might nearly balance, so as to leave the Mean Velocity past a Transversal 
nearly* constant. As far as can be judged from the present Experi- 
ments this is not the case, or in other words*- 

''The Mean Velocity past a Transversal varies sensibly from instant to in- 
stant", ^ ^ ..(4). 

r A glance down the Column of U in Tab. XXIX— XXXin will show at once 
considerable variations in magnitude even in successive Sets in the same Sebibs. 
The AVBBAaB value and *< Range " of U in each Series are given in Abstr. Tab. 1 g : 
the Ranges will be seen to be pretty large Jraetione of the whole quantity, even as 
high as '68 in 4*06, or 155 per cent., (Ser. 58.) 

This evidenoe is not so strong as might appear at first sight, inasmuch as much of 
this variation can be traced to Change of External Conditions. Perhaps the only 
fair Test is the comparison of tuoceesive BeeuHs ef the tame day's work, in which 
it may be fairly assumed that the External Conditions (except Wind) remained 
tolerably constant There are many cases of this sort (viz., of several Sets of work 
done in one day) thronghout these Tables, the discrepancies between which are so 
great as ta fairly establish the above Result]. 

Sb. Mban Sbotional Vblooitt constant.— It being assumed (Ch- 
XIX, 18) that the Oobic Discharge is constant from instant to instant, 
so long as the Conditions remain constant, t. e., with constant water- 
level, and constant state of Supply into and Withdrawal from the Beach 
producing constant Surface-Slope, it follows that (the Area thus also 
remaining constant)— 

" The Mean Sectional Velqcity is constant from instant to instant 'V (^)i 

and is thus not subject to the instantaneous variation which the velocities 
at individual points undergo, or in otber words is technically Stbadt : 
it is thus unnecessary to speak of an Avbbagb value of it in the sense 
in which the term Avbbaqb Vblooitt has hitherto been used. 

But whereas the Cubic Discharge is directly affected by every change of 
water-level, from the consequent change of depth, such changes do not 
affect the Mean Velocity when the change of Conditions is inSufiScient to 
affect tho velocities generally, so that-— 

*' The Mean Velocity is constant in a higher degree than the Cubic Discharge ",(6). 
• Thb opinion was hanrded—u to Mean Surfaoe Telocity— In the 1874-76 Report, (Art. 30,) but 
it aeems more probable now Uiafe the eyldenoe was insnlWcifnt* 



Digitized by VjOOQIC 



800 CHAP. XZ.«~M]SiJr miLOCITT. 

[Qraat use will be made of ihifl property (5) in the sequel (Chap. ZXI) in testing 
the accoracy of the work. It may be objected that the Experiments apparently 
contradict this, in that the Mean Velocity-measorement (V) figured in Tab. XXXIV 
— LVI yaries considerably in magnitade eren in snoeessiye Sets of the same Series, 
and in some cases even in suceeuive SeU of the eame day. See Art 5 below as to one 
chief cause of this : the Discussion is howeyer a wide subject, and occupies the 
next Chapter. Meanwhile it may be noted at once that the Tables at any rate show 
the yariation of Mean (Sectional) Velocity-measurement to be less than that of the 
details (Mean Velocities past many yerticals in the cross-section) from which they 
were obtained,,(compare Result (3) aboye)]* 

4. PreBent Mean Volooiti68.-*1^be Discharges (past Transyersals and Cu- 
bic) computed separately for each Skt of yelocity work, and shown in Col. 7 of Tab. 
XXIX— XXXm and XXXIV— LVI, enable the Mean Velocity of each kind 
(U, V) to be computed separately for each Set by the proper f ormul» U = D -7- (, 

V =s D -f- A. This has been done separately for each Sbt shown in the Tables, 
and the Result is shown in CoL 8* Aud since the Discharges of each kind haye 
been in eyery case* computed by the best approximation-formul» extant, the Mean 
Velocities in question are the lett approximations to the true yalues that could he 
ohtained from the data, 

ISoldiU Aqueduct Sitee, It has been explained (Ch. XIX, 5a & 8b) that the 
Cubic Discharge was computed (for these Sites) as if the cross-section were truly 
rectangular (neglecting therefore the slight contraction at the Bed and also under the 
corbelling) by the formula — 

D= Area of Mean VelodtyCmrye (tiirough full breadth h')y. Full Depth s Dm H. 
In computing the Mean Velocity, the Area (A') was similarly taken as if truly 
rectangular, (and not from Tab. VI which contains tiie true yalues,) t.«., A'= ft'H : 
thus V==I) -> A'==Dm H -^ &*£[=: Dm -^i^ SO that tbid practical Rule was— 

^ ^ Area of Mean Velocity«Curye (through full breadth ft*) "! ^-^ 

^ "" FuU breadth *' = 85 feet J -•'••"•-^ '" 

6. Mean Velocity-Error.— The Mean Yelocity-measnrement of each 
kind (TT or V) obtained as above is of course liable to error similar to 
the Discharge-measnrement of same kind (D or D) from which it is 
derived. Bat, as explained in Ch. lY, 4a, the effect of errors in estima- 
tion of the several Average Depths and Average Breadth is almost 
wholly eliminated, so that the residaal error is sensibly only that dae to 
error in the primary Yelocity-measnrements on which the Discharge- 
measnrement D or (D) depends. 

This Error is of the same character as, and is also proportional to, the 
similar error in the Discharge-measurement, since U = D -^ (, and 

V = D -r A. Thus, in consequence of the tTnsteady Motion, a single 
Mean Yelocity-measurement (t.e., that obtained from a single Bet) can- 
not be considered a good, but only a Fair value. 

• Except perhaps in the Slde-SfpaoeB, (Ch. XIX, 7c) battheErxorprodnoed in the Ueaa Yetoettlei 
is qaifce trifling, (Art. 7.) 
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[It will be nndentood that, in the case of the Mean Sectional Velocity, it is not 
the Mean Velocity itself that is subject to rariation from instant to instant, but that 
the measore thereof (i^., the Mean Velocity-measnrement) is an imperfect one, in 
oonseqnence of being derired from non-simnltaneona Rough Velodty-measniements 
at nnmeroos points]. 

6. Practical Bearing.— The practical use proposed to be made of ihe 
yalne of the Mean Sectional Velocity obtained as above is partly as a 
Test of the correctness of the work itself (Ch. XXI, 2— 4c), partly as 
a Test of the sufficiency of the approximation of certain otlier modes of 
rapidly obtaining an approximate value thereof (Art. 20b, et seq.), 

fVeiy litUe use will be made of the Mean Velocity past a Transyersal : it is 
printed rather for the sake of completeness, and of possible f atnre use, than of im- 
mediate nse]. 

7. ApproximatioDi Lcpostance of.— It is obvions that if an ap- 
proximate valne of the Mean Velocity of either kind (U, V) conld be 
obtained by any rapid process in the Field, it would serve far better for 
practical purposes for calculation of the Discharge (of that kind) by the 
fundamental formulae— 

D = U . 5, D = A . V, - (?)f 

than the process detailed in Ch. XVII, XIX depending on the tedious 
Field-work of velocity-measurements at many points in the Gross- 
section. 

8. Mean Sectional Velocityy V.— This quantity is of such great prac* 
tical importance, that an immense amount of labor has been bestowed 
in the search for some rapid approximations to it. These approximationa 
have taken two chief forms, one involving only Burface-Slope and Cross- 
section data, the other only Velocity data, and therefore requiring very 
different Ileld-work, viz., 

1*. Snrface-Slope, and Crosa-Sedaon Measorement 
2^. Velocity-Measurements, (a few. only.) 

9. Rblation of Yf *^/l^.—The expression of the relation between 
V and 8 and quantities such as &, B, H, B, &c., depending only on the 
Site by which the Mean Velocity could be computed from Surface-Slope 
measurements (without resorting to velocity-measurement) has long been 
an object of research. A very good summary of the attempts that have 
been made at various times up to about 1858 is given in the Mississippi 
Report, pp. 207—220. In most of these V is made a function of the 
product RS. The earliest is Ch^zy's— 

V = . VRST, (9), 
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in which C is a nnmerical co-effident to be determined by experiment, 
wUch was at first supposed to he constant for each Site. Yarions 
numerical valnes were assigned to this co-efficient from time to time by 
di£ferent writers, as below, (p.. 208, op, di^.)— 

Young, 84-3 ; Eytdwein, 98-4 ; D'Anbaisaon, 95*6 ; DowniogsA; Taylor, 100 ; 
Leslie^ 68 & 100 ; Beardmore 94-2 ; Neville, 92*8 & 93*8 ; SteTensoD, G9 & 96, 
each no doabt suited to the particular Experiments discussed. As the 
data available increased, it became endent that in the Oh^y formula no 
single constant value of O was of any general applicability, and that if 
the formula be used at all, it must be used with a variable co-efflcient. 

After various trials of other functional forms— some of which will 
be discussed further on^some of the more modem writers {e,g,f Messrs. 
H. Bazin and W. R. Eutter) have reverted to the older form, and en- 
deavored to construct a formula for the value of the co-efficient O in terms 
of the cross-section data (B, &c.) and surface-slope. It seemed therefore 
worth while giving this fonnula (with variable co-efficient) an extended 
trial. 

From the exoessiTe smallness of S (rarely exceeding -0005) in Open Channels^ 
when not torrents— the quantity VRS is inconveniently smalt for tabnlation : the 
qnantity 100 VBS is on the wliole far more eonyenient (for tabulating), and is indeed 
in many cases itself a rough ajpprowimation to the Mean Velocity, and is in all cases— 
as far as yet known— a qnantity at any rate comparable (in magnitnde) with it For 
these reaaons, the Ch£zy formula is written in this Work in the modified* form— 

V=C X 100 VSS, orV=C.«,wherew = 100VRSl .^(10), 

and the quantity fo = 100 VRS will he treated om a (computed) velocity, 

[The experimental valnes of V, and of the co-efficients connected will first bedia- 
CQswd, (Art 10— 19b,) after which the subject of approximation to value of V by 
formulflD will be taken up again (Art. 20). 

10. Experimental Besearch.*— >In these Experiments data have been 
obtained on a very extensive scale for three rapid approximations to the 
Mean Sectional Telocity. In fact the whole Experiments may be said 
to have been directed to this end, all that preceded being preliminary 
investigation leading up to it : it was throughout the one important prac- 
tical oiject kq>t in view. 

The three approximations in question depend on the following Field- 
work; viz., measurements of— 

r, (Tentnd Mean Velodty (UJ ; V, Central Snxfioe Vebci^ (vj $ 
8^, Surface-Slope (S)» 

• nggoited in Jadam's «_* Oual and Coltwi Tubto", 1878, p. 8. 
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the approximation being intended to be made by the application of cer- 
tain '' redaction-co-efficients " which will be denoted by c, c, C^ thus — 

1*, V = c.Uo; 2^, V = c.»oJ 8^» Vs=C.w, ••^.............•.••••.(11). 

The experimental research becomes in fact ultimatelj the preparation 
of experimental values of the co-efficients c, c,0 computed from the ex- 
perimental yalnes of ▼» U^, v^, t^ by inyersion of the fundamental equa- 
tions above, viz.,— 

1**, c = Vt-Uo; 2«, c = V-5*»o5 ^» C = V-rW, ...«.(12). 

[Note that the sjmbols Uq, t^^ are used in this Chapter with two distinct meanings 
each, according to the style of Telodtj-work diacnased, thQ»— 

Felooitiei past a Tramversal, t Vo denotes Central Velocity (on the TransreiBal). 
{Surface^ Mid-depth or Bed), I Uo » Mean Sorfaoe Yelocily. 

Mean Velocity work, v^ „ Central Surface Velocity, (Art 12a.) 

„ „ U, „ Central Mean Velocity, (Art 11.) 

The context will generally show which is meant, thns : in connexion with V they 
always haye the latter meanings]. 

10a. Reoobd iMPEBFEGT.^lt was Unfortunately impoBslble to obtain the data 
of all f onr quantities V, Uo, v,,, S complete on eyery occasion ; stzess of weather (and 
sometimes other causes) often interfered. Thus high wind affects the surface of 
the water so much that, when these systematic Experiments were first begun, it was 
thought undesirable to measure the Surface-Sbpe when the air was not almost calm, 
or the Central Surface- Velocity when the wind was high. The Discharge-measure- 
ment Field-work (which includes both V and U09 »ee Ch. XVII, 7) was on the other 
hand carried on constantly even in pretty high wind. Thus^ 

''With every V there is a U, available, but the numbers of v^ S available aTto 

far fewer''. 

Thns the data for the ratio e = V -r Uq inehtdo the whoU of the Sbtb of 
Det Tab. XXXIV— LVI, whilst those available for the ratio C s V -^ tp are 
far fewer, and those for the ratio c = V -r- Vq sre fewer stilL For this reason they 
oould not be oonyenienUy arranged in a single Tabular Form. The data for the 
ratio e haye accordingly been abstracted into one group of Tables 14—18 ('^s 
Art 11a), whilst the data ioi the ratios c, C have been combined into the Compari- 
son Tables LVin— LXX, and 20*22 ^ explained below (Art 12c,e). 

[This deficiency of the record of v^, S affects the Boorkee Reach chiefly ; it scar- 
cely affects the work in the Belra, Jaolf, and Eamhera Reaches at all. For details 
of this as far as concerns S, see Ch. Vn, 8— 8c]. 

10b« Mbak Vblocitt past a Tbansvebsal, U.— For the sake of completeness 
a ^rednction-co-efficient"* (c) similar to the aboye has been computed connecting 
this Mean Velocity (U) with the Central Velocity (p^) past the same transversal, 

so that-~ 

U =s c.Uft, ^.(18), 

although but little use has been made of it, (Art 6.) 

* To preBerrethe a&alogy of notation of oo^ffldenta aboye, the symbol need lot this 00-eflIdent 
BhoDld haye been e, not C* Tab. 18, and PI. XLIII containing It were printed off betoie this was 
nottoed. Thie is of tittle importance, as the *' eo-effldent " is not discoseed below. 
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11. Central Velocity, (v^, ITo).— This qoantity has been defined (Gh. 
IV, 3) as th^— 

" Forward velocity past the centre of an j TranareAal **, 
tbe fliost important one being of coarse the Central Mean Velocity (U J, 
or Mean Velocity past the centre verticaL 

In the systematic measurement of yelocities past a TnmsTersal (as snrfaoe, mid- 
dep13i, bed, or mean), the Telocity at centre (v^ or Ue) was always measured as part 
of the regular Field-work (Ch. XVII, 7), and is entered in the centre Snb-Colamn of 
CoL 6 of all the Detailed Tables of snch work, XXEK— XXXin (for r^), and 
XXXIV-LVIforU^ 

[Each snch Central Velocity-measmrement is therefore— by the custom of repeating 
each obserration thrice — the mean of only three distinct observations, or what has 
been called a /{('tf^A J^elocity^meaturement i whereas every Mean Yelocity-measnre- 
ment lias been explained to be a Fair meantre of that quantity. Thus the two terms 
entering into the value of the ratio are of very unequal precision. This could only 
have been obviated by repeating every Central Velocity-measurement 50 times, so as 
to secure its Average vtUue, Unfortunately the idea of using this ratio did not occur 
to the Author till after the Field-work was closed]. 

11a. Abstbaot Tables, (13 — 18).— For ready reference Abstbact 
Tablibs of the chief data and Results have been formed as follows :-* 

JM^^^^^"^]*^^' T.b. IftfromDet Tab. IXDC-XXXIIL 
Mean Velocity work, Abstr. Tab. 14— 18» from Det Tab. XXXIY— LYL 
Each Series containing more than one Set is summed up in two lines as follows :— 
The upper line shows the Mean Besults of the Series. 
The lower line (in old brevier type (-IS)) shows the " Ranges " of the detaila. 

The details abstracted are (those on which the ratio of Mean to Central Velocity 
may be supposed to depend) the following for each Series :— 

Number of Sets, Material (and sometimes Length) of Instrument 
Means and Ranges of h or H, R, b, F|, Fj, F„ S, and Mean Wind. 
Means and Ranges of r,, D, U in Tab. 13) and of do, D> V in Tab. 14*-18- 

Lastly, the Mean value of the ratio c=sU-7-Vot^^ = V-^U« has been com- 
puted for each Series from the above mean values of U, v^ ; V» Uo, (not firom the 
•details) and is given in CoL 8* 

These Tables permit of the rapid comparison of the Average values of the Mean 
and Central Velocities, viz., of U, Oq, c and of V> Uq, c ; and reference to them will 
«ften save reference to the Detailed Tables. 

[It woald undoubtedly have been better to have given the values of the ratios c, c 
in detail for every Set throughout the Detailed Tables XXIX— LVI ; this could 
liave been done with one extra Column throughout : unfortunately the desirability o£ 
this was not seen till these Tables were printed off ]. 

12. Field-worki (for V, Uq, v^, w\ c, c, C). — ^In order to obtain 
good experimental valaes of the co-efficients c, c, C, it is clearly neces- 
sary thattiie Field-work on which they depend, yiz., Measnrement of— 
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Cubic Discharge (D% for obtalnii:^ the fondamental Y» 

Oentral Mean Velocity (Uo), Central Surface Velocity (0o)> Surface-Slope (S). 
shoald be executed nnder closely similar External Oonditions. With 
this yiew the Field-work of all fonr was always done in as rapid «ttc- 
ce8iion as possible^ and usually in one of following orders : — 
i S, D»VoS n. 8(11. Bank), D» Vo 8 (R. Bank). 
iiL- 8 (I*. Bank), Half of Di «<>» Half of Di S(B.Sank). 
It. 8 (L. Bank), Half of D> Vo> Half of Dj S (R. Bank). 
Alflo a Central Mean Velodty-measorement (Uq) was necessarily made at the 

middle of erery Discharge-measnrement (as part of the Field-work thereof, Ch« 

XVII,7). 

[It will be seen that a Slope-measurement usually preceded the rest : this was to 
take advantage of the early morning hours which are usually the calmest ; but if there 
was a high wind at first, the Slope-measurement was oftoi put off on the chanoe of 
the wind falling. Similarly the Central Surface Velocity-work was sometimes ad- 
Tsnced to take adyantage of a calm time of day]. 

ISfti Central Surface Velocity-meamrement^ (v^), — When it is pro- 
posed to make the Cable Discharge-measurement depend on the velocity 
at a single point, it is obyiously important to obtain a really good measure 
of the Average value of the latter. 

Accordingly every Central Surface Vdocity-measurement (which was intended 
for use in this way) was repeated 48 Hmee (24 times by each Observer as Hme- 
keeper) : the mean of these is therefore an Average Central Surface Velocity-mea- 
BUiement, in the sense of Oh VI, 5, freed of the Observers' relative personal equa- 
tions ; these Avebaob values are the oniy quaaUitiet printed for comparison with 
the Mean Velocities, (all the details from which they were obtained being omitted,) 
eee CoL 4 throughout Tab. LVni— LXX. 

The Gauge-Reading and state of the Wind were always noted just before and just 
after each Set of 48 such measurements, so that each such piece of work is a Sbt 
complete in itself in the sense used in Ch. VI, 12, q. v. 

[It will be seen that as both terms of the ratio V -r <»o depend on about the same 
number of distinct velocity-measurements, eaeh is of about equal preoieUm], 

12b. Surface-Slope Measurement^ (8).— For detailed explanation of 
this, eee Ch. VII, 2d, e, 3 <& 8 — 8c. For convenience of printing, the 
abbreviation w has been introduced for the expression 100 \/bs* 

[There is some doubt as to the relative precision of the two terms of the ratio 
V -r V. From the delicacy of the Surface-Slope measurement (Ch. VII, 2b), it 
appears to the Author that the term w eannot be ewpected to be of nearly equal 
preeitUm with V]. 

12c. Co-BFPioiENTs c, C, (Comparison Tables LVIII— LXX).— 
The data for ready comparison of the three quantities V, v^, w^ and for 
computation of their ratios (c = V -5- v^, C = V -5- w), have been 
collected together in Tab. LVIII— LXX : these will be styled Detailed 

2b 
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Comparison Tables to distiogaisli them from the preceding Detafled 
Tables XXXIV—LVL 

They are divided into 5 Main Columns, each containing the whole of the data 
of one sort of work. Thus— 

Col. 1 contains the date, (need for reference.) 
Ool. 2 n n data showing the state of Control, and Sarfaee-FalL 
CoLg „ „ ^ for the Bod-Velocitj Etesnlt V = D -T- A. • 
^<>1* 4 M »9 M M Central Surface-Velocity, (v^,) see Art 12a. 
^1* 6 » M » »» Surface-Slope Result, w, tee Art 12b. 
For explanation of the details in each Main Column, ue Vol. n, p. 115 (the page 
preceding the Tables in question). 

Each line of these Tables shows a Sbt of yarions data collected in as rapid nuh 
eetrion at pottible, (Art 12,) complete under at least two of the three heads VtV^Wf 
(Cols. 8, 4, 6), via-- 

V> (Col. 8») complete throughout 
Vof (Col* id incomplete at SoUnf Sites. 
>f „ complete (with trifling exceptions) at the other Sites, 
w, (Col. 6») complete (with one exception, Ser. 195) at all the chief Sites. 
Thus Col. 3 is an Abstract of the chief Data and Results, tiz.— 

R, Variation of water-leyel, J, /, Wind, Timekeeper, D, V» 
from Det Tab. XXXIV— LVI, viz.,/(w those Sets only for which the data for 
either v^orrv mere also collected, (as aboTe shown.) 

The experimental ralues of the ratios c, C are given on the right hand of Cola. 4« 
6> separately for every Set (in which the data are arailable). 

Such Sets as were done at nearly same water-level, and do not differ greatly in the 
Mean Velocities (V), &c., are grouped together into one Series, nearly as in the De- 
tailed Tables. In a few cases only some of the Series of the Detailed Tables have 
been combined or broken np into smaller Series : but in every case the Series in 
these Tables bear the same Serial Kos. as in the Detailed Tables to enable ready 
reference to be made. 

12d. Abgttmsitt, Hydraulic Mean Depth.— The entry of the hydraulic mean 
. depth (R) being essential in these Tables, (at any rate in Col. 5 for the computation 
of the quantity 100 VRS,) it seemed to be the quantity most convenient to choose as 
the leading entry or " Argument" of each of the Col. 3, 4^ S. 

From the length of time taken in each separate kind of work, (Slope-measurement, 
Rod-velocity work. Central Surface-Velocity work,) it often happened that the water' 
level changed in the course of the worh in such a way that the Average Water-Level 
(and therefore also the Hydraulic Mean Depth) of each kind of work done in suc- 
cession according to the scheme of Art 12 differed somewhat : it has therefore 
been necessary to give the hydraulic mean depth (R) separately for each kind of 
work in Col. 8^ 4, 5. 

[The difference of hydraulic mean depths in question seldom exceeded *02, but it 
has occasionally amounted to from *08 to *16 when the Canal was not in train, see 
Ser. 119, 124, 137, 138, 153, 155, 158, 174]. 

The Rod-velocity work (Col. S) has been considered to give the fundamental 
▼alnes of Mean Sectional Velocity. For this reason the several Ssxs of each Series 
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hare been arranged generally according to decreasing hydraolic mean depth of 
Ck>l 8, which therefore forma the ABauMBNT of these Tables. 

[The Gange-Beadings not appearing essential in this inquiry haye not been print- 
ed in these Tables. They can be found at once, howerer, by comparison with Tab. 
ZXXrV— LYI by inspection for Col. S, and by applying the change of hydranlic 
mean depth as a correction for CoL 4^ 6]* 

12e. Abstract Oomfarison Tables, (Tab. 20^22).— These Tables 
have been formed for the sake of ready reference from the Detailed Com- 
parison Tab. LVIII— LXIX. 

£ach Series containing more than one Set is summed up in two lines as follows :— 
The upper line shows the Mean fiesnlts of the Series. 
The lower line in old brevier type OlS) shows the Banges of the details. 

The details shown are the same as in the Detailed Comparison Tables, see Vol. 
n, p. 115 (preceding those Tables) ; with following additions :— 

The Numbers of Sets of each kind of work, under heads V, w (CoL Si 5)i a^d 

i^o (Col. 4} are figured separately in CoL 1, 4 respeetiyely. 
The values of the ratios Cb, Cb, Ck of Bazin's and Ratter's formnlsB (explained 

below, Art. 21^28) are printed beside the experimental yalues. 

These Tables permit of the rapid comparison of the Average values of V> t'cFi ^9 
e, C : reference to them will often save reference to the Detailed Tables. 

12f, Becord af v^ incompleU^—'Erom the incompleteness above noted of the record 
of v^ (especially at the SoUnI Sites), it follows that— although the values of V, v^ 
nf,CfCo/ the same Set are of course always fairly interoomparable— the Ranges 
and Means of Oo» c of a whole Series are often (especially at the SoUnf Sites) not 
fairly comparable with those of V> to> C, viz., whenever the latter are obtained from 
a larger number of data than the former, with conditions perhaps varied. These cases 
are marked as follows :^ 

Det, Comp. Tab. (LVm— LXIX).— In all such cases the Ranges and Means of 

the Main Colnnm 4 are queried (?) ; and the Number of Sets figured on left hand of 

Table (as ** Means of 6 ", &c) must be held to apply only to CoL S» 6* 
Ahstr. Comp. lab, (20''22)*--^he Numbers of Sets available under the heads 

of Yt ^9 (CoL 8» 6) and v^ (CoL 4) are figured separately in CoL 1, 4« 

13. Velocity-Variation, Diagrams, (PL XLIV— XLIX).— In or- 
der to trace readily the mutual dependence of the principal yelocities 
(U, Vo ; V, Oq, to)f and also their dependence and that of the ratios c, C 
on the External Conditions, such as Depth, Control, Sorface-Fall, Sur- 
fiice-Slope and Wind, Diagrams have been formed—- 

Central and Mean Surface-Velocity-Variation (Vq* Uq), PL XLIV. 
Central Surface and Mean Velocity-Variation (Vo> V)» ^1- XLV— XLIX 

fSo few data (only two Series each) were available for the Mean Mid-depth and 
Mean Bed Velocity (U^^ and U^) Variation, that it was not thought worth while 
publishing similar Diagrams for them]. 

These show the velocities (U^ v^ ; V» v^, w), the Discharges (D, D) oa which 
Uo, V depend, the ratios (c, C), the Surface-Falls (F„ F„ F,), Surface-Slope (S), 
Average Obstruction (&) at Tail of Beach, Withdrawal by Distributaries (Q)~(or as 
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many of thege data as were available in each ease)— plotted as ordinates to the 
bjrdraalic mean* depths (B) taken as abscissas. 

The state of the Wind is plotted as explained in Ou V, 21d. 

The plotted points of any one kind have been joined nsnally by straight lines 
(or by carved lines if necessary for deamess) between snocessive ordinates, thus 
forming a sort of Cnrve of each qnantity, made np of short straight lengths (and 
thos free from any bias of the dnnghtsman). For clearness' sake these Cnrres are 
drawn in different styles of dear and dotted lines. The Cmres are drawn oontinn- 
ons only throngh actual plotted points on these ordinates ; wherever a plotted point 
is wanting, the Carve is broken off at the crossing with that ordinate : breaks 
in the ordinate-lines are made for sake of distinctness whenever the carves cross 
them at veiy acate angles. The same scales have been need as far as posnble 
ihroaghont. 

For fall details of symbols, scales, stjles (of Carve), &c.| iee the Explanations 
cm PL XIIV , XLV, and Notes on each Plate. 

The diagrams have been prepared from following data :— 
PL XUV, Surface Velodtywork, from Abstr. Tab. 18- 
PL XLV— XLVm, Mean Velocity-work, from Abstr. Oomp. Tab. 20*-S2- 
PL XTiTX, Mean Velodty-work, from Det Comp. Tab. LXIX. 

Thas these Plates show Mean or Detailed Besalts as follows :— 
PI XLIV— XLVin show only Means, one ordinate leing aUotUd to eaek Serieg, 
PI. XLIX shows Details, one ordinate heing allotted to each da^^e vork, 
(ie., osnally to each Sbt, or to the mean of two Sets done on same day). 

[To enable the relations between V» "^o <^^ ^® dependence of Uo, c on the Ex* 
temal Conditions to be traced ont equally readily, corves of Uo, c should have been 
superposed on all these Diagrams, or else a special Set of Diagrams shoold have 
been prepared. The present Diagrams were, however, printed off before it was 
dedded to indnde the quantities Uq, c in this Research, and after drawing ont in 
MS. the special Diagrams required, it did not appear worth while to publish them ; 
they cover of course the same space as the present ones]. 

14. VelocityH5onnexioii,-The Abstr. Tab. 18, 14-18, 20-22 show timt- 
^ There is a general sort qf agreement in the variations of U, Vg ; V, Uo ; 

Vy Vq, w, their increase and decrease being generally concurrent", (14). 

The Plates (XU V, and XLV— XUX) also show this at once for Ug, v^ and for 
Vi ^09 *c> bj ^"^^ inspection of the curves, the larger saliences and depressions oc- 
curring generally on the same ordinates ; this agreement, however, by no means ex- 
tending uniformly to details. 

This departure from close agreement is also rendered evident by the irregularity 
of the variation of the ratios c, c, C in the Tables, and by the irregularity of the 
curves of c, C in the Plates. 

16. Velocity-variation.— A mere glance down the U, v^ ; V» Uo ; V» »o» » 
Columns of Abstr. Tab. Ig, 14—18^ 20— 32^ ^^ ^^ ^ ^» ''o ^^ Vi ^v ^ 
Carves in PL XIIV & XLV^XUX will show at once that^ 

• In confonnll^ with the Rule (Art. 19d} for the Oompulflon TU>1m, tho hydraoUc neaa depths 
ot the Rod-velod^-work— which form the ** ArgaBMnt" ot tho TbUob— have hesn adopted as Ah- 
BOiiKinfl«ZIiY-*ZIiIX. 
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'•The veloeitiM (U| ro ; V* Uo, Oo, w) decrease genenlly (in abaence of other 

influences) with decrease of depth", ..••.•.•^ .••(16> 

[This is especially erident at those Sites where the Range of Depth was greatest, 
M Abstr. Tab. 15—17, and PL XLVI, XLVU]. 

It is eqoallj dear that this decrease is wry irregular^ so that the velocities mnst 
ob^onslj depend in an important manntr on some other elements, say on the Snrfaoe- 
Gradient, state of Control, Wind, &c. The Plates show a very general concnrrenoe 
of the larger saliences and depressions of the Oonres of velocity (Uq, v^ and V, v^ 
with some one or other of those of Snrface-Oradient, (F], F}, F„ 8), and contrariwiae 
with the depressions and saliences of the Cnrve of Obstmction at Tail (^k), so that 
it may be concluded that^ 

« Increased Snrface-Qradient generally Increases Telocity ", •••(16), 

and 

<< Increased Obstmction at Tail generally decreases velocity", ••••(IT), 

Itee especially Ser. 131 to 139, PL XLV ; PL XLTI ft XLVn, poinm]. 

Inasmnch as the Sorface-Qradient is itself determined by the state of Control, it 
seems admissible to view the velocity as dependent primarily on the Snrface-Qra- 
dient, and only mediately (i.0., throngh the Gradient) on the State of Control, 
gnnuiing up then, it may be said to be clear that— 

** The velocities (U, Vq ; V, ^m v«) increase with increase of either Depth or 

Surface-Gradient, and decrease with decrease of either ",.....••— .....^ ..(IS), 

Moreover, the Diagrams show that the change of velocity dne to change of Snrf ace- 
Slope is liable to be as great or even greater than that dne to chaise of depth : so 
that the state of the Surface-Slope is sometimes a more important element in 
determining velodiy than the depth of water. 

[This has an important practical bearing in showing that Discharge-Tables mnst 
necessarily be of donble entiy, see Cb, XIX, 21]. 

16. Wind-effoct.-»It is by no means easy at first sight to trace 
the effect of Wind in accelerating or retarding velocity in the Dia- 
grams. In the first place it is clear that only the np-stream and 
down-stream portions of the wind can be expected to have any direct 
effect in this way. 

On examining PL XliV— XLVni which, it will be remembered, show only 
•* Mean Besnlts ", it will be seen that— except at the Kamhera Site (Pi. XLVm)— 
there are very few cases of high np-stream or down-stream wind. 

(.The fact is of conrse that np- and down-stream winds were not the prevailing 
winds at any Site except the Kainhera Site, and further that snch np- and down-stream 
winds as did occur frequently neutralize each other in great part in forming the Mean 
Wind (Ch. V, 21c) of a Seriea Again, the few cases that actually do occur (out 
of the Kamhera Beach) are mostly cases at low-water when there was obstmctiott 
applied at Tail of Beach, a disturbing element quite sufficient to whoDy mask the 
small effect of Wind, see PL XLVI, Ser. 122, 127 ; PL XLVU, Ser. 171, 181]. 

The Kamhera Beach, however, will be seen (PL XLVHI) to supply several cases of 
pretty high down-stream (about NKW.) wind : but on examining the curves of V 
and Vo thereon, no effect whatever is visible. It would appear probable then that 
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the effect (if any) must be Bmall, and is piobablj lott tight of in the Mean Rentlte 
of Series. 

16a. Wind-effect^ Eahhbra Bbach, (PL XLIX).— The only way 
of tracing the effect appears then to be to compare (not the Mean Resnlts 
of Series bat) the separate Besalts of each day's work. 

With this yiew PL XLIX has been prepared, showing the separate Result of each 
iay*s work for the Eamhera Reach taken from Det Comp. Tab. LXIX. The state of 
the Wind is shown at both beginning and end of each Set by blunt arrows ( | ) 

in the former, and by sharp arrows ( ^) in the latter case (Ch. V, 2 Id). 

[In order to show each day's work distinctly, it was necessary to greatly increase 
the scale of abscissa to ^ foot to an inch (so as to spread ont the ordinates), and 
on the other hand to red ace the Wind-scale to 40 feet per sec to an inch (to confine 
the Diagram within the page). Similar detailed Diagrams were drawn ont in MS. 
for the whole of the work in the other Beaches, bat have not been* published]. 

16b. Wind-effect> Disgussiok.— in examiniog this Diagram, the large scale 
of hydranlic mean depths must be carefully remembered : the whole Range of this 
element will bo seen to be only •SI, t.tf., from 4'*91 to 4'*00. There will be seen to be 
small irregularities thronghout in the curve of V, and much larger ones throughout 
in the curve of Op : moreover, the saliences and depressions of these two curves are to 
a great extent concurrent on the same ordinates, and are therefore presumably gener- 
ally due more or less to the same causes. 

And among these causes, it is clear from the Diagram that the Wind is a very 
efficient one in accelerating or retarding the Central Surface-Velocity. 

Let the curve of v^ be compared thronghout its extent with the corresponding 
Wind (plotted from the upper Wind-Zero Line) : it will be at once apparent that al- 
most every high value v^ corresponds to a high N. Wind (or wind with high northing 
in it), and almost every low value of v^ to a low N. wind, or calm, and conversely ; 
and that the only case of S. wind (or wind with partial southing) corresponds to a 
low value of Oq, (dee the ordinate to abscissa R = 4'40). 

It by no means follows that these concurrences are necessarily wind-effects. Many 
of these cases are no doubt partly , (or perhaps wholly,) ascribable to the state of the 
Surface-Gradient 

[Throughout the range R = 4''40 to R = 4''00 (with two striking exceptions, 
vis., when R = 4'*16, and 4'-08), the saliences and depressions in the curves of r^ and 
S are generally concurrent upon the same ordinates : in many of these cases the varia- 
tion of 6 seems too small to account wholly for the large change in v^* so that the 
Wind (whose action chances to be concurrent with that of the Surface-Slope) is pro- 
bably an efficient cause herein also ; and, in the exceptional cases (of R = 4''16» 
4**08), is obviously sol. 

Throughout the range R = 4''91 to R = 4'*42, there are frequent cases of saliences 
in the curve of v^ with depressions in the curve of S along with wind with high 
northing in it. In these cases the wind seems to have been efficient in increasing 
the central sarface-velodty in spite of the low Surface-slope. 

* ThA Diagnmfl for the Bolini Aquedact and EmbaakmeDt Slfces would be 8' and 9}' long on none 
■osle : w tliat thdr publication would have greatly increaaed the coet of this Work. The Liagnims 
of Mean fieeulte, PI. XLIY— XLVIII, and the single Pctailod Diagram Pi. tt.ty^ arc oonsiderad to 
afford Bufficiont graphic eyidenoe. 
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The Wind-effect on the Mean Velocity is on the other hand, as might be expected, 
somewhat obacare : most of the irregnlarities in the Mean Velocity-corye follow in 
fact those of the Slope-carre, so that the number of residual cases clearly ascribable 
to wind-^ect is small, and the magnitude of the effect is also verj small. 
[The only tolerably marked cases are as follows : — 
Aicribahle apparently to mind only, see B=:4'*54, 4'42, 4'* 16. 
AscribahU apparently partly to wind, (partly to slope,) see B = 4''46]. 

16c. Wind-eifect| General Gonolusioits. — The following General 
Conclafiions seem fair : — 

<* The Surface Velodty-meaanrement is liable to be markedly retarded (under- 
estimated) by high up-stream wind, and accelerated (oyer-estimated) by high down- 
stream wind",...... ..(19). 

** The Mean Velocity-measurement is only slightly affected^if at all— by high 

up- or down-stream wind ", (20). 

It seems yery probable, moreover that, in consequence of the liability 
of the Snrface-Floats and of the Rods (or rather of the portions of 
them projecting above the water) to be canght by the wind — 

^ The Surface and Mean Velocity-measurements are more affected by the wind 

than the real Surface and Mean Velocities*', ^ •..(21). 

This is probably especially the case with the Surface Velocity. 
[As already remarked (CL XII, 4) the chief primary effect of Wind (which is not 
of long duration) seems to be the production of ripples and wayes, time being essen- 
tial to the production of any marked translatory effect]. 

From the above may be drawn the following important practical Con* 
elusion : — 

** Discharge-measurements depending on Surface Velocity-measurements are liable 
to be markedly under- and oyer-estimated in high up- or down-stream wind ", ..(22), 
and as a consequence— 

" Surface Velocity-measurements made in high up- or down-stream wind are quite 
unsuitable data for Discharge-computation*', (23). 

16d. Cross-Wind. — The effect of a cross-wind (t.«., one blowing 
across the channel) upon either the velocity-measurements or real velo- 
cities is very obscure. 

A cross-wind undoubtedly causes abnormal Deviation of Floats not 
mucb submerged, (especially of Surface-Floats ;) but from the system of 
recording only those Floats (Ch. IV, 81) which ran in " fair course ", 
this does not affect the recorded EesultSf the only practical effect being 
then the increased time required to observe a given number of Floats 
in " fair course "• 

Neither does it seem to affect the Mean Velocity-measurements 
obtained as the quotient V =s D -r A : for the abnormal water-level 
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registered at the Gauge in consequence of high cross-wmd affects all the 

Depths (H) which enter into the computed Discharge and Area (D» A) 

alike, so that any Error due to this is sensibly eUminaUd (see also Art. 5) 

in forming the quotient. 

In fact the only Error likely to occur seems to be of another kindf yiz., 

in recording the Results, the (normal) Mean Velocity-measurement (V) 

would be attributed to an abnormal OaugeSeading: thus finally— 

•'In Telocity-work in a high cross-wind, the Mean Velociiy-ineasarement (ob- 
tained as aboye) is not sensibly affected, bnt is attributed to an abnormal Gaoge- 
Beading", : ^ (24). 

17. Variation of <?•— A glance down CoL 8 of Abstr. Tab. 14—18 will show 
<hat- 

<<The ratio c increases in general with decrease of hyd. mean depth", (25), 

thongh there are a good many cases in which this Bale seems masked or even re- 
yersed, (§ee espedally 8ol&ni lUght Aqnednct [with Left Aqnednct dosed], Tab. 
14 ; and Jaoli Site, Tab. 18.) 

The eyidencein fayorof theBnle isyery strong, as it includes those cases Tab. 
15—17 in which the Bango of depth is yery great. The Bule might in fact be 
anticipated as a consequence of the Property of the Mean Velocity Cmres (Ch. XVII, 
12, yi) of <* Increase of flatness with decrease of depth"; for with increase of 
flatness, it is clear that the Central Mean Velocity (Uo) decreases relatively to the Mean 
Velocity (V), and their ratio (c = V -^ Uq) therefore increases. 

The exceptions show that the ratio e depends also on some of the other External 
(Conditions. The Experiments do not distinctiy show what this may be, but from 
the explanation above that "Increase of flatness of the Mean Vdodty-Oirve involves 
increase of the ratio", together with the known property (ib.) that ''Corves of low 
velocity are flatter than those of high velodty ", it would appear probable that— 

<<The ratio c should increase with decrease of velocity", (26), 

and therefore also (since velocity increases and decreases witii surface-slope) pro- 
bably witii decrease of surface-slope. 

The Experiments confirm this to some extent only ; on looking down CoL 8 of 
Abstr. Tab. 14—18* it: will be seen that any unusually low velocity (occurring 
between higher ones) is frequentiy accompanied by somewhat higher values of e tiiaa 
its neighbors (Me especially Ser. 133, 123, Tab. 14, 16)* 'Hie whole *<Bange" of 
the ratio e is however so small at any one Site, that the effect is obscure, and it seems 
not worth while to attempt to formulate it. 

For the same reason also, no variation is traceable due to the nature of the banks 
and bed of Site. 

18. Variation of c_ The yariation of this ratio is still more ob- 
scare than that of c. This was to be expected, seeing that the Central 
Sorfaoe-Velocitj on which it depends is mnch more liable to be affected 
by wind than the velocities on which c depends. 

At the Kamhera Site alone is there any distinct change of the ratio proceeding 
regularly with change of depth ; and this regularity (increase of the ratio with de- 
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crease of depth) is only existent among " Average yalaes " of e, (PI. XLVm,) and 
disappears altogether in the carve of details of c, PI. XLIX. From what precedes 
(Art. 16a, b) it appears that mnch of this irregularity is dae to wind. 

Again, at the Solinf Embankment Main Site (PI. XLVII) there is on the whole 
a distinct small increase of the ratio c with decrease of depth ; masked, however, by 
frequent great irregnlarities. 

No connexion is traceable at the other Sites. This want of connexion, together 
with the irregnlaritj noticed, show clearly that other Elements have more inflnence 
CD this ratio than the mere depth has. What these may be the Experiments do not 
distinctly show. The extreme Range at any one Sifce (only •21, see Abstr. Tab. S2) 
is BO small as to make snch investigation very uncertain, especially when snch an 
element as the Wind is one of the efficient causes of change. 

19. Variation of C, (PL XLV--XLIX).~The Diagrams show clearly that as 
a general Rule — 

** The ratio C decreases generally with decrease of hyd. mean depth ", (27), 

l$ee Solanf Sites, PL XLV— XLVIL This agrees with the results of previous 
Experiments. (Messrs. Bazin's and Kntter's formulse for C both make G decrease 
with decrease of R, (see Art 21, 28). At all the other Sites this Rule seems either 
masked or eyen reversed : but these exceptions are neither numerous nor strongly 
marked]. 

The evidence in favor of the general decrease of C with R includes those cases 
(PI. XLYI, XLVII) in which the Range of R is very great The exceptions show 
that the ratio depends not on R alone (as in the Bazin formuhi. Art. 21), but on 
eome^of the other External Conditions. 

19a. Dbpendenob of C on S. — It was thought by Messrs. Kutter and 
Qangoillet that depended on S as well as on B, and this dependence 
is expressed in their formola (A.rt. 23). ^ 

This may be illustrated from these Experiments by oomparmg the Results (values 
of C, S) for same Site, or for different Sites :~ 

V*. At same Site. This is easily done by comparing the Curves of C, S in the 
Diagrams. 

Soldni Right Aqueduct^ (PI. XLYI). The larger saliences and depressions of 
the curves of C, F|, S are so generally concurrent as to make their mutual connexion 
seem clear. The only marked exceptions are the two Ser. 110 (R = 5*41) and 
124 : these are of little importance, as they contain only one Set each, and were 
done when the water was very vmteady (rose •25 in 119, fell •22 in 124, Me Tab. 
LX,LXI). 

Other Sites, PI. XLV, XLVII— XLIX). There is no such marhed eoneurrenee 
of the Coryea of C, S at the other Sites. There is at some of them a marked con- 
currence of part of the Curve of C with some one of the Curves F|, Fj, F,, but it does 
not seem worth following in detail. 

2*». At different Sites, The Twin SoUnl Aqueducts are so nearly alike in 
all respects as to be very favorable for this comparison. The Table lielow 
shows the Results paired together of Series with nearly same value of R at each 
Site:— 

2 8 
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Pair. 


Irt. 


Sttd. 


ftrd. 


4tll. 


6tli. 


Befennoe. 


Aqnednct. 


L. 


B. 


L. 


B. 


L. 


H. 


L. 


B. 


L. 


B. 


Series, 
Sets, 


101 

s 

7.94 

189 
1-048 


108 

10 

7-96 

190 

1*045 


108 

4 

7^4 

207 
.973 


110 

10 

7.64 

193 

1.004 


105 

2 

7.21 
222 

•926 


112 
3 

7.12 
204 
.999 


106 

3 

6.81 
206 
.933 


118116 

6 


107 

4 


116 
5 

640 
207 
•989 


Abstract 


C, ... 


6.76 

205 

1.001 


6.43 

225 
•909 


> Table 

r 20. 



These pairs agree in showing that with nearly equal yalaes of B at similar Sites C 
Increases with decrease of S. 

The Belra and Kamhera Sites are also favorable for testing this in another way ; 
thns see Tab. 22— 

Belra Site. Range of R, 9H)2— 7-60 ; of S, 208—191 ; of C, ?-771— -747. 
Kamhera sue. „ „ 4-84— 4-07 ; „ 806—291; „ -779— -767. 

It will be seen that in spite of the great differences of R at these two Sites, the 
yalnes of C are nearly eqnaL This shows that the effect of a change in B upon the 
valne of C is liable to be entirely masked by a (compensatory) change of one or both 
of the following, viz., 1^, Surface>Slope ; 2^, Natnre of Site. Now the two Sites are 
fairlp ahket being both earthen channels ; the chief differences being (Ch. Ill, 14,16) 
that the Behra Site is nearly thrice the width of the other, and has its banks revetted 
with masonry. The effect of change of width has hitherto been supposed to be 
sufficiently allowed for by its inclusion in the element R : admitting this, the Surface- 
Slope seems quite as efficient as R in affecting C. 

Eeviewing the whole evidence together, it seems most probable that— 
<' C varies with S, in a somewhat complex manner ; increasing and decreasing 

with increase of S nnder different circumstances ",.... (28). 

19b« Defbndbncb of C on natubb of SiTB.-^These Experiments do 
not furnish much good direct evidence of the effect of the nature of Site 
upon the value of 0. 

To test this fairly^ the comparison should be made only between values of G in 
Series with nearly the same values of R and also of S, (and moreoyer with the Sur- 
face-Slope measurement made in the same way, i. e,, on one bank or on both banks, 
in loth cases,) and possibly also with same Wind, at each Site. But the number of 
such instances available is very few. The following is an Abstract thereof : — 



BITBS. 

Series, 

Sets, 



Bimilar. 



101 

3 



108 

10 



T7nlike. 



154 

3 



193 

6 



Unlike. 



156 

1 



198 

3 



Befennoe. 



S, ... 



7-94 

189 

1-048 



7-96 

190 

1*045 



8-69 
229 
•832 



8-65 
231 



8-26 


8-34 


228 


227 


•760 


•887 



Abstract 
Tables 

20-«2 
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These Results agree in showing that, with nearly equal yalnes of R and of 8 
(measured in same way), the values of C are nearly eqoal at similar Sites, and 
(sometimes very) nneqnal at dissimilar Sites, so that it seems^tbe namber of data 
being too few to generalize certainly— that— 

** The yalne of C depends probably on the nature of the banks and bed as well as 

onRandS", ^ ^ -(29). 

This agrees with prerions Experiments. In Bazin*s and Eutter's Formnlao al- 
lowance is made for this by varying certain of the so-called *' constants " with the 
nature of the bed, (Art. 21, 28.) 

20. Mean Velocity FormnlSB.— The subject of approximation to 
Mean (Sectional) Velocity (V) by formulaa will now be taken np from 
Art. 8, 9, and discussed in the remaining Articles (20 — 29) of this 
Chapter. 

20a. FOBHULJB iNVOLViNa S.— Of formula) for connecting V with S, not of 

the Ch^zy type (V= C • VRS, Art 9), the following old ones are discussed, and 

compared (numerically) in the Mississippi Report (pp. 208—220, 816—319). The 

names of the proposers, and the approximate dates (pp. 187—197, op, eit) are— 

Dubuat (1786), Girard (1803), DeProny (1804), Young (1808), 

Dupuit (1848), St. Venant (1851)» Ellet (1851). 

It will suffice to say that they are ail pretty complex in form, and are aU ryected 
(pp. 819, 822, t^,) from the eyidence of 80 numerical comparisons, as not of general 
applicability* 

Also the following Tiewer ones are discussed in Entter's " New Formula *\ (Jack- 
son's Translation, Art. 15 and 25) : — 

Bortumann%Y==- . R* S* - ^ ^(30), 

Hagen'e, V = A« • v'R . J'S, (/« = 2-425 for metric measures), (81), 

GaucUer't, V = «' . 4^R . a/RS, when S > -0007, (82fl), 

= /5* . R* . S, when S < -0007, ^ (32J), 

wherein y, a, fi are ** co-efficients of rugosity " depending on the 
nature of bed and banks. 
As these are also rejected by Herr Kntter after extended numerical trial, as not of 
general applUsahUity, they need not be further noticed. 

20b. Formula now disoussbd. — Only two formulaB (of the Chezy 
type) have been thonght worth extended discussion here— 

Bazim'e^Y = Cb X 100 VRJ^ or Cb. w, (Art 21) (83). 

£utt£r\Y = Ck X 100 VKS, orCk, w, (Art 23— 23c), (34)- 

It obvioasly snffices to discuss and compare the numerical values of 
the co-efficient with the experimental value (C) of the same : special 
symbols (Ob, Ck) are therefore assigned to them. 

Two other modem formulre— not of the Chezy type — are also dis- 
cussed below (viz., the Mississippi Experiments *' New Formula", (Art. 
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24), and Mr. Gordon's '^ New Formula", (Art. 25,) chiefly in consequence 
of the importance of the Experiments on which they are based. 

[A formola for Cable Discharge (Canon Moseley's) was discussed in Ch. XIX.] 

The only formula (known to the Author) for connecting V, v^ is that 
of Mr. Bazin. This also will be discussed below, (Art. 22 — 22c.) 

21. Bazin'8 Co-efft. (Cb).~From his own nomeroos Experiments in small 
artificial channels, Mr. Baun considered it to be prored* that C depends chiefly on 
H, and increases with B in a manner nearly represented by the fonnnla,— 

C* = (« + I)"*. «» ^ =Ja + |. (35), 

where a, j9 are nunerical co-efficients supposed to depend chiefly on the state of the 
bed, and to a Miall extent only (not expressed in tiie formula) on the Slope, and 
therefore nearly constant for each Site. Mr. Bazin gave the numerical ralnes of 
ai P for onlyf four cases, to which a fifth (No. V below) has since been added % by 
Herr Eutter. Rednced for use with English feet § % these are as shown below— 



1 


Bbd akd Basks. 


YALXTSS of COirSTAHTS. 


Condition. 


Examples. 


a. 


/5. 


I 
II 
in 

IV 
V 


Very Smooth, 
Smooth. •• 
Fair, 
Rough, 
Very Bough, 


Planed Timber, Fine Plaster, 

Rough Planks, Cut Stone, Brick, 

Rubble Masonry, 

Earth, 

Detritus, 


•467 
•666 
•781 
•868 
1-20 


•045 

•18 

•6 

8-5 

7-0 



[The advantage of the introduction of the factor 100 into (^6zy's formula will 
now be apparent When this factor is not used (e,ff,, in Basin's and Eutter's Works) 
the values of a, /9 are all inconveniently small quantities, 0.^., *0000045 instead 
of -046]. 

The value of this co-efficient (Cb) has been taken out teparately fdr every Sebijbs 
in Tab. 20^22f a°<1 " shown in Col. 6 alongside of the Experimental value (C) for 
comparison. It will be seen that the agreement is often very poor^ (see especially 
the values for the Sol&nf Embankment Main Site at low water, Tab. 21 i and for 
the Bebti Site, Tab. 220 

A portion of this disagreement is due to the mode of taking out the values of Cb. 
For this purpose Mr. Bazin's assignment of numerical values of a, /9b in his fonr 
Classes has been accepted, and the values of Cb have been taken out by interpolation 
from printed^ § Tables for that Clots whieh agreed best with the Esperimentai 
values. 
A dofler agreement might obvionsly have been obtained by accepting only tbd/orm 

• Badn Bxptan P* IS^i etteq. f ib^ p« 180| el teq, 

t Knttar'i ** Now FonnnU for Mean Vdooity'', Jaolooii's TtaoslatioHi Art. 8^ 9, tO, 

ft ProteML Pftpea on lnd« Bngog^ 1M8| Yol, V, pp. 283, 294, 
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of the f onnQk, and calenlating spedal yalaes of a, P for each Site to suit the Ezperi- 
nental yalnes. A little examination of the Besolts given will, however, show— from 
the mode of yariation of the diacrepancj (which increases greatly at low depths)— 
that no such adjustment of the constants (a, j3) woold be nearly sofflcient to prodooe 
a good agrcementp and that in fact, — 

" The form of the Bazin formula for C is defective ", (86). 

There seems in fact little doabt (Art 19a) that the Expression for shonld in- 
volve S, and that to its absence the Discrepancies are in great part dne. 

[These Gonclosions are the same as arrived at in Kntter's Work, Art 6, 7]. 

22. Bazin'S C0-6flEt- (Cb).— The following Expression was proposed* by Mr, 
Bazin from his own small scale Experiments for the relation between the Mean and 
Maximnm Velocity (V, V) throngh a cross-seQtion :— 

V- V = K Vm; ^ -(87), 

where K is a numerical co-efficient, which appeared to be nearly constant* so long aa 
BS -7- V not > '001 in metrical measures (or not > '000805 for British feet ; or, 
in other words, so long as Cb not < '£7 also for feet), which, as he lemarks, covers 
most practical cases. Within this limit the constant value is proposed* — 

K = 14*l in metric measures, =25'84 for Britidx feet, (87a), 

[The justification of making K constant appears to the Author very doubtful. 
The experimental values in Mr. Basin's own Experiments vary from 22*4 to 9*9 in 
the whole number of 61 cases given, and from 17 to 10*7 even in the 43 selected 
cases in which RS -f- V not > -OOl, tee pp. 165, 156, op. oit,'] 

With the help of the fundamental equation V = C x 100 VRS» the expression 
VBS may be eliminated, so as to exhibit the ratio of V, V^ 

„_ lOOC __ _ 

wiieno0| V -^ infipa. 9k*jia * ^Cb« V|.»«.«m##««m«#«««»,«,,,,,,^8o)i 

lOOC 

^"^ ^- 100C+ 25-84 ' <^>- 

It shonld be carefully noted that this co-efficient Cb is the value of the ratio V-f- V, 
and is therefore strictly availablef only for computing Mean Velocity (V) from 
Maanmum Velocity (V) and vice vered. The pracUcal utility of such a Result is 
obviouety very email, inasmuch as the real mawimtim veloeiiy does not admit of any 
ready direct measurement A result of much greater practical use would have been 
the determination of the value of the ratio e = V 4- Vq f or computing Mean Velo- 
city (V) from Central Surface-Velocity (oq). 

[It is distinctiy stated in Mr. Basin's Work (Part III, Chap. I, paeeim) that the 
ratio tovght was tiiat between the Mean and Maximum Velocity. The latter velo- 
city was detennined in three different ways, (op, cit, pp. 145, 146) — 
1*, by surface velocity-measurement with surface-floats. 
2^, by velodty-measnrement at 2 centimetres (= | inch) depth with Pitot's Tube. 
8^, by eelecthm of the p-eateet velocity among velocify-measurements made at 
many pdnts all over the crosa-aection vrith a Bitot's Tube. 
Bnt the measurements Na 2* seem to have been naed only aa checks on No. 1°, and 

*BAdaBzpt8.,p.lS7. 

t ObeervcUuiteb = V-r Y» wbitot e = V-r V 
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the Floai'VeloCities seem also to haoe heen rejected whenever less than tiie measnre- 
mentfl No. 8^ (see pp. 152, 153), so that the final Results depend chiefly en the 
measurement No, 2P, !.«., on maximum (not on surface) telodties]. 

22a. Pbactical application.— it has been the practice (in India) to employ 
the co-efficient Cb as if it were the same as c, i.^., for compntmg Mean Velocity (V) from 
Central Sorface-Velocity (9^), for want of course of any better approximation to the 
proper ralne of c. This usage is in fact recommended in the French Academy of 
Sciences Report* on the Bazin Experts, as giving ** sufficient accuracy for practical 
purposes ", and the weight of their opinion has no doubt led to general use in this way. 
And, with this usage, it is clear that — since the central surface-velocity is usnaUy 
Uu than the maximum velocity— 

^Mean Velocity-measurements, and therefore also Cubic Discharge-measure- 
ments, obtained by applying Bazin's co-efficient Cb to central surface velodty- 

measurements (r^) are usually under-estimated", -..(40). 

The only justification for this usage in practice is in fact the sufficiency of the 
approximation. From the general considerable excess of the Cubic Discharge-Mea- 
surements of these Experiments over those of the official Canal Tables, (Ch. XIX, 
20f,) and from what follows (Art. 22b, c), the approximation seems insufficient 

23b. Comparison of Cb, c^The expression (39) gives the value of Cb in 
terms of the other co-efficient C, so that Tables of Cb may be prepared from existing 
Tables of C (such as those of Cb» Ck, &c). The authorized (i.e.. Basin's) values 
are of course those preparedf from Tables of Cb,(the relation (39) itself being in fact 
due to numerical comparisons of Mr. Basin's Experiments). 

But, inasmuch as the agreement of the co-efficient Cb with the experimental values 
of C of this Work has been shown (Art. 21) to be very poor, the agreement between 
the " authorized " ratio Cb (i* «•> computed from Cb) with the experimental values 
of e of this Work could not be expected to be good. There is in fact one /undo* 
mental difference, vis., (see any Tablesf of Bazin's ratio, and also Art. 22c). 

** Bazin's ratio Cb increases with increase of B, whereas the experimental value 
c shows no sign of this "• 

The foUowing Table shows the values of the two ratios, vis., the experimental c and 
Bazin's Cb for two cases for each Site, viz., the two Series of highest and lowest water- 
leveL 



- 


P 


1 


1 


a 


C 


(^b 


f^p 


1 


a 


c 


C. 


1 


flollni Hif:ht Aqnedaet, 


u 


20 


108 


7-07 


*884 


-84 


-4*e 


1251-98 


Sdo 


-82 


-6»a 


^ Emb a n k t. Main S i tc, 


III 


«l 


151 


1)35 


■gsi 


*82 


-6 8 


IK 1234 


-9G5 


-79 


-IS'S 


Fifte^ijtli MiH 


IV 


22 


191 


1>'1& 


■847 


■78 


^n^i 


: £15 7' 15 


S3i 


*7S 


-^■o 


Bdra, 


IV 


22 


201 


S*02 


.859 


^73 


-9<3, 


2i\Q7^oO 


-862 


•U 


-M 


JaoH, -,. .., 


rv 


22 


?M 


7'S2 


>861 


■73 


-9-3 


2 7,6-33 


'850 


-77 


-9-4 


Kambera 


rv 


29! 


221 


4^4 


■842 


*7G 


-9*5 


225 


+■07 


*8T5 


*76 


-14-S 


Distribatarieg, 


IV LSX 


231 


2-70 


■S33 


•7S-1M 


236 


M6 


■832 


« 


-iO.5 



* Beport, p. xziii, or trtnaL in Piofl« Papers on Ind. Engng., 1868, Vol. Y , p« S87« 
t Bttdn Bxpertflt, p. 328. Profl. Papers on Ind« Bogng., 1868, Vol. V, p. 295. 
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The DiBcrepancieB are all in defect (as was to be expected, v. iMpra^^ and are more- 
oyer bo large (from 6 to 21 percent) in the Earthen Channels, that it may fairly be 
said that— 

** The nnder-estimation of mean Telocity from the nse of Basin's ratio c is so great 

incaseof earthen channeU as to render it of little practical nse therein 'V (^l)* 

JgSo. FuBTHXB COHPABISON OF Cb» c — As, however, this ezpreasion (89) is 
the only general one— as far as the Author knows— before the pnblic for redaction of 
Central Sarface-velocity to Mean Velocity, it seemed worth while giving it a farther 
extended trial as a fundamental relation between valoes of these ratios derived fiwn 
the same eowree^ e. g., between the experimental yalaes c, C. Accordingly the valnea 
of the Cb have been computed from the formula Cb = 100 C -r- (100 C + 25*84) 
with the experimental value of C for eveiy Series of the Abstr. Comp. Tab. 20—829 
and are shown in CoL 4 thereof alongside of the experimental value (c). 
It will be seen at once that— 
1". The. values of Cb are (with trifling exceptions) all less than those of c, and 

commonly more than 10 per cent, short of them. 
2*. The values of Cb decrease in general with decrease of depth, whereas no such 

general decrease is observable in a 
Discrepancy 1** could be to a great extent cured by decreasing somewhat the value 
of the (so-called) constant E, (the value 25*34 may be snppoaed that suited to the 
particular value Cb of C,) but the Discrepancy 2* shows that— 

« Bazin's relation Cb = 100 C -h (100 C + 25*84) between Cb, C is fundamen- 
tally incorrect as a relation between c, C, (where c = V-r v©) "»• -(*2), 

The incorrectness may be due either to the acceptance of v^ for V, or to the assign- 
ment of a canetant value to K : the data do not show which. 

28. Eatter'fl Co-eflL (Ck).— This f onnula is based on an extended examination 
of modem Experiments on Open Channels previous to 1870. From the discussion in 
nutter's Work*, it is dear that the co-efficient (C) depends on S as well as on B. The 
formula with the constants redncedf for use with English feet is, in the notation of 
this Work- 

Ck=(« +^)-^ (56*22 + 1^). whe«s. = 28 + :?^, .(48), 

Here/ is a numerical co-efficient depending on the state of the bed, which may be 
styled the ^ oo-effident of mgodty ", which varies as far as yet known^ from *009 to 
-085. 

This formula is certainly pretty complex, and computation from it laborious. It 
seems, however, to be perhaps the best empirical formula yet proposed for computing 
the Mean YeUxitj direcUy from Slope-measurements, (i. c, without Velocity-measuie* 
ments.) 

[Short Tables of the value of this co-efficient, (reduced from Eutter's Tables for 
nse with British feet,) are given in Jackson's Hydraulic Manual, pp. Ixxi to Ixxx ; 
and (reprinted from Jackson's Work) in the Roorkee Treatiae on Qvil Engineering, 
Vol IL,8rd Ed., pp. i to v of Appendix. Extended Tables of the same have also 

• Xiittv'8 *« Hew Fommla for Meui Vakwlty ", Jaokicn's TkantaHou, Art. 7. 
t<ft.,Azt.81. ti6,Art.S8. 
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been pabliahed by the same author nnder the Title of " Canal and Cnlrert Tables " 

(London, 1878,) which give the yalaee of Ck by inspection for eight yalaee of /, tix.-— 

/ 8s -010, -013, -017, -020, -0225, -025, -0276, -080]. 

28a. Comparison of Ck, C— The yalne of this co-efficient (Ck) has been taken 
oat $€parately for nmy Sbbibs in Abetr. Tab. 20'-82» And u shown in (3ot 5 
alongside of the experimental value (C) for comparison. It will be seen that the 
agreement is on the whole pretty dose, though single instances of rather large dis- 
crepancy occur. 

This is partly due to the mode of taking out the values of Ck, vis., by interpolation 
firom Jackson's large Work (Canal and Culvert Tables), the Tables in which com- 
prise only the eight values of the rugosity-co-efflcient (/) above noted. Those 
Tables were selected which gave values of Ck elosett to the experimentai vahtee 
(C), (without reference to the classification given by the author). The Tables 
selected were those computed for the values of /shown below :<— 



SiTBi 



Jaossoh'b Taheas of Kuma's Oo-sFnomT ((^ 



of/. 



dMirfflftfcioiL 



^ [Twin Aqueducts, 
J ) K. Aqueduct (L. Aa. closed), 
3 I Embankment ( High water, 
I Main Site, (Low water,.. 
rifteeathMUe{0W8Ujj^ - 

Belra, 

Jaolf & Kamhera, 



•020 

•017 

•025 

•030 

•025 

•0225 

•080 

•025 



Rabble in cement in bad condition. 
Brickwork in Aqueducts in bad order. 
Earthen Channels, in average order. 

n M in had order. 

ff „ in average order. 

19 n above average order. 

,9 „ in bad order. 

„ M in average order. 



It will be seen that the Classification by no means closely agrees with the actual 
condition of the Sites (Ch. ni) ; thus the mode of selection gives on the whole a much 
doeer agreement than could have been obtained d priori. On the other hand a still 
closer agreement might have been got by determining special values of the rugosity- 
oo-efficientfor each Site, and recomputing all the values therewith. The practical 
advantage to be gained did not, however, seem to warrant the great labor that would 
have been incurred. 

28b. DiscBBPANCY OF Ck, C— The following is an analysis of the Discrepancies 

showing the number of Series in which the Discrepancy (Ck - C) exceeds 10 per 

cent., 1\ per cent, 5 per cent, and 8 per cent, (computed ou the experimental value 

C), out of the Total of 83 Series available in the Abstract Tables 20— 22). 

Over 10 per cent 18 ; Over 7i per cent 5 ; Over 5 per cent 15 ; I f^^f^i^ g^ 

Over 8 per cent 17 ; Under 8 per cent 83 ; i 

An Abstract of certain data of the 18 cases of High Discrepancy (over 10 percent) 
is given in the Table following (taken from Comp. Tab. LVIII— LXIV and 20—21) 
from which it will be seen that in many of the cases the Surface-Slope measurer 
ment (S), and therefore also the experimental value of C depending on it are not 
nearly so well determined as the rest 
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Data. 


RESULTS. 


• Ifs 




soLAHi Bins* 


1 


1 








Canses of uncertainty 
and in deduced Co-efflcient, (C). 
















B 


8 


0^ 


ii 




Left Aqnedact, 


105 




7-21 


222 


•926; 1.032 


+ 11.4 


Water fell .12 in one Set 


n n 


107 




6*43 


225 


.909,1014 


+ 11-6 


High wind on 2 days. 


Bight Aqnedact, 


188 




2.61 


145 


1303 1.020 


-.21-7 


Water rose .18. 


rL. Aqufld. doMdJ, 


139 




263 


161 


M32 1.014 


-10.4 


Water fell .11. 


Si 


166 




8*25 


223 


•760 .861 


+ 13-3 


? 


168 




6-19 


171 


.943 .824 


-12.6 


? 




170 




4.76 


165 


.550 


.657 


+ 19.5 


Water fell .07. 


Embankment ^ 


178 




3.87 


088 


.734 


.631 


-14.0 


? 


Main Site, | 


174 




434 


125 


.575 


647 


+ 12.5 


Water fell .28. 


177 




3-62 


193 


.558 


•618 


+ 10.8 


Water rose .10 in one Set 


1 


179 




311 


180 


.611 


•596 


+ 16.6 


? 




180 


2 


2.25 


148 


.478 


.547 


+ 14.4 


Water rose .08 in one Set 




181 


1 


1.73 


090 


•352 


.501 


+ 42.3 


Water rose .08, High wind. 



Thus,— 
1^ Most (9) of the 18 Series comprise (miy one or two Sets, so that the Slope- 

measnrements are not good Average values. 
2^. The water was unsteady in 8 Series. 
8*. The wind was nnfavorahie in 2 Series. 

4^ Most (9) of the 13 cases occnr at low water, a stage at which the water-level 
determinations (on which S depends) were not so accurate at the Sites in 
question, as at higher levels, (Ch. V, 7b). 
5°. In all the cases the Slope-measurement was made only on one BanJk, 
6°. In most (10) of these Cases the Surface-Slope isunutually low (< .000200). 
This last Result (6°) points to the Conclusion that most probably — 

" In Kutter's Co-efficient the Surface-Slope (S) has not been given due im- 
portance'', (44). 

28o. Kutter's Co-efft, Conclusions.— On the whole it may be said that Kut- 
ter's Co-efficient stands the test of comparison with these Experiments fairly well : 
combining this evidence with the very varied evidence in Kutter's Work, it may be 
fairly said that — 

"Kutter's Co-efficient is one of pretty general applicability", (45). 

It will of coorse be understood from the mode of its derivation (tee Kutter's Work) 
that it is a purely empirical one, 

Probahle Error. From the analysis of Discrepancies above given, and remembering 
that those over 10 per cent are probably in part due to imperfect determination of the 
JSzperimental Co-efficient (C), it would seem that— 

'*When the Surface Slope-measurement is a ^oo<^ tfwra^tf, Kutter's Coefficient 
will give Results whose Error will probably seldom exceed 74 per cent in Large 

Canals", ^ (46). 

But for this accuracy, it seems essential that— 

2t 
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** The Blope-measorement should be done on both banks, always in calm air, and 

onlj when (he Canal is in train, and should be repeated seTeral times 'V -(^7). 

And further, for this accuracy, it is essential that the*' rngosity-co-efflcient " (/) 
be properly known for the Site in the fint instance* This of course can only be 
properly determined by direct Experiment, t.e., by determining a few experimental 
Talues of C from which to determine /, either by direct calculation, or by comparison 
with published Tables. It the value of f be merely selected a priori by comparing 
the known state of the Channel with the published Classification, so close an ap- 
proximation will be a mere chance. 

24. Mississippi ExptS. Formula, (Miss. Report, p. 812).— Upon a certain 
theoretical investigation the following formulas are proposed in the Mississippi Report 
for calculating Mean Velocity (V) from the Surface-Slope and Cross-Section data. 
With the notation used in this Work, the formulas are — 



For rectangular cross-section, V = v V/8' + (196 r ^S) - ^/ 3' )*, ) x^ov 

'010816 ^ 

^/K+l•6' 



^, -010816 

where p' s= 



'1 



For earthen channels, V =(V/gr+ (226 r>/s)*- ^/?'y • i /^gx 

. -, -018689 ^ 

where /5*= ■ , ■ , 

^/R+i-6 

inwhich, '•=5^ 

In these expressions fi\ /T, ^/fi% s/^ are all small quantities which cannot exceed 
the following values (corresponding to R = 0) :— 

/3*c= -00879, /r=:0111, ^'■^ = •094, %^3^=:x -105, (60), 

so that they do not much affect any but low velocities. Thus at high velocities 
these expressions approximate to— 

V = H s/r . ^S, and V = 16 >/r . i^S, (61), 

so that they differ markedly from the older expression Y = C X 100 >/5s in two 
points— 

1^ in the change from R=:A-hBtor = A-T-(&-hB). 
2^, in the change from s/S to >^S. 
Below are given the data for, and results of, application of this formula to a few 
selected cases of the present Experiments : the cases have been chosen so as to pre- 
sent instances of high and low water-level, and also of high and. low Surface-Slope 
as far as available at each Site. In the Table the Mean Velocity value of the for- 
mula is denoted by V^» and the experimental value by V* 

It will be seen at once that the values (V) from the formula are in many cases no 
eort of apprommation to the experimental values. The Conclusion seems in- 
evitable— 

^ The Mississippi Experiments' Formula is useless as a general formula for Mean 

Velocity" ^ (62). 

The same Conclusion is arrived at in Kutter's Work : from the investigations 
therein (Art 6, 6, op, eit) it seems probable that this formula gives as a rale fsir i^ 
proximations only in eaus ofvory hw elope. 
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1 


Data. 


RETOLTi 
fof formolftj 


By 

Bzpt. 


BITI. 


















■ 




a 


» 


B 


A 


r 


8 


ffotpr 


V 


▼ 


SoUni Left Aqueduct, . . | 


\^ 


7-94 
6.48 


82.2 
85.0 


106.7 
99.3 


889-6! 4-47 
638-7|8.47 


189 
226 


.00353 
.00384 


3.25 
2.97 


406 

3*46 


SoUni Kight Aqueduct, • 


127 


7-96 

4.02 

•74 


82.1 
86.0 
84.4 


105.8 
92.6 
85.2 


841.8 

871-9 

63.2 


4-48 

209 

.37 


190 
278 
113 


•00351 
.00460 
.00721 


3.26 

2.40 

.73 


406 

3-a6 

.60 


Sol&nf Right Aqueduct ( 


in 


4.17 
3.68 


85-0 
85.0 


92.9 
91.7 


387.1 
838.1 


217 
1.91 


025 
473 


.00454 
•00474 


1.30 
2.62 


ia4 
4-83 


SoUnf Embankment 1 
Main Site, .A 


151 

i?! 

181 


9.84 
7-66 
4.76 
1.73 


170.0 
162-6 
loO-O 
1600 


191.1 
179-2 
1584 
1519 


17849 

1373.4 

764.1 

262.9 


4.94 

4.02 

245 

.87 


•227 
243 
038 
090 


.00416 
.00452 
.00548 
.00761 


."1.84 
3.50 
1.65 
MS 


4-oa 

329 

•93 

•44 


^■^^^HZ^^u, 


in 


8-65 
8.68 


174-9 
183.9 


180.0 
1917 


1567.2 
1664.7 


4-39 
4.40 


231 
221 


.00429 
.00429 


3.63 
3*69 


3-98 
4.1a 


Belra, 


^ 


9.02 
7.60 


188-4 
186.8 


196.4 
193.3 


1772-4 
1468.8 


4.6O 
3-86 


191 

200 


4)0423 
.00453 


3.54 
3.26 


317 
a«9i 


Jaolf, .• j 


211 
217 


7-82 
6.32 


192.8 
190.9 


200-2 
196-] 


1565.7 
1240.2 


3.98 
3-20 


174 
140 


•00449 
*00489 


3.20 
2.69 


»-96 
2-63 


£am]iera» •• 


ii 


484 
4.07 


66.5 
640 


695 
67.1 


836.0 
273-2 


249 
209 


296 
306 


.00543 
.00580 


2.85 
2.62 


a86 
a-7i 



25. Oordon'8 New Formula.— A new formula for Mean Velocity is proposed 
in the Work* quoted (p. 42) based upon certain theoretical reasoningf which appears 
to the present Author defective. It is unnecessary to discuss this, as it is admitted (j6.) 
that the formula doet not agree with Experime7it, and that to make it agree with a 
selection of the Irrawaddi and Bazin Experiments, certain empirical changes have 
been made in it The modified formula is— with the notation of this Work, 



'=/'-¥ -('*i^s)- 



..(68), 



Inhere • &= depth o£ ** centre of pressure ", 

fi, V are numerical co-efficients to be determined by Experiment. 

The empirical changes made are so great that the modified formula is really purely 
am empirical one. The labor involvjed in the application of this formula is very 
great from the difficulty of calculating the quantity denoted by «. It is by no means 
clear even what is meant by the term centre of preeeure in the case of water in 
motion. 

[The '* centre of pressure" meant is apparently (from its definition on p. 29, 
cp, cit,) that of hydrostatie pressure npon a plane surface occupying the position of 
the cross-section]. 

The uncertainty of application of this formula appears so great that— viewing the 
great labor of the oompatation—it was not thought worth while to test it 

26. New empirical trials hopeie3S.-.-The great anoertainty of sac- 

• <* Qordon'i New Formula "; For fnU Title, m Oh. X, SI , Lift H. 
t in part the tame st aet forth in Ch. X, 13a. 
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cess in formation of these more or less empirical formally the great 
prohability that increased approximation can only be obtained bj in- 
creased* complexity, and the great laborj attending the numerical yerifi- 
cation seem (to the Author) to make farther research for an improred 
form of co-efficient almost hopeless from the experimental side, t.«., until 
some help as to the proper functional form can be obtained from Theory. 
Accordingly no new formula is now suggested. 

27. Ranges of c, c, C. — In the absence of any true formula for these 
co-efficients, that one would probably be the most practically useful which 
was the least variable^ inasmuch as less Error would be likely to result 
from using it. It is therefore important to compare the extreme *' Ranges'* 
(of the experimental yalaes) of these co-efficients. 

To do this quite fairly^ it is obvious that the Ranges should be taken only of ralaei 
of the coefficients obtained t'.>gcther. It is unfortunately impossible to do this pro- 
perly from the printed Tables inasmuch as — 

1®. Detailed values are given only for c, C, (Tab. LVIII— LXX). 

2*. The mean values given of c, c, C (Tab. 14—18 & 20—23) 1° Series bear- 
ing the same Serial No. are frequently derived from a different number of 
data (i.0., Sets), e.g,^ in Ser. 108— 

e depends on 19 Sets (Tab. 16), c on 7 Sets, and C on 10 Sets, (Tab. gQ.) 
In comparing the Rang^ c, c, C from the printed Tables, it is necessary therefore 
to bear in mind at same time the difference of the number of data available in each 
case ; because, the greater the number of data, the greater is the probability of varia- 
tion (from the chance of greater variation of External Conditions). These are 
brought together in Table belovr. 



Description of Range. 


c 


C 


C 




No. 


Range. 


No. 


Range. 


Na 


Range 


to Tables. 


Range of detailed values in whole Bxperlments, 

Range of Serial yalnee In whole Ezperimente,... 
Highest Range of Serial values at one Site, ... 


681 

153 

100 

81 


? 

? 

•237 
•216 


831 
71 
76 
26 


•225 
•215 
•224 
•205 


876 
92 
83 
27 


•951 
•721 
•951 
•591 


1 LVni— LXX. 

i 14-18, 80-28 
3 &LXX. 



It will be seen that^ 

** The variation of C is much greater than of tf or c ", «• ^ (54»), 

<< The variation of c is only slightly greater than that of c ", (64&). 

Further, from Tab. 20—22 it appears that— 

*^ Within each Series the Hange of C usually (though with some striking ex- 
ceptions) greatly exceeds that of c", (54c), 

* Witness the sncoessive inoreaaes of complexity from Chesy's to Rasin's and Kntter's Formnla. 
t Kntter's Diacnasion of the formula propoaed by himself ooonpiea an Svo. volume of 95 pages* 
(without showing the nomorical details of the steps on whioh its verification is baaed). 
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ART. 27a— 28. \^ SJtBj) j^r- ^ 




27a. UsB OF Cf c BETTER THAN C. — It would seem that in the present 
state of hydraulic knowledge, i.e., chiefly in consequence of the smaller 
Total Ranges-r- 

*' The Co-efficients c, c are more likely to give fair approximation to Mean Ve- 
locity than the Co-efficient C ", (56), 

or in other words^ 

*< A close approximation to Mean Velocity is more likely to be obtained by nse 
of formnlsB depending on Velocity-measorement than on Surface Slope-measure* 

mcnt", (Boa). 

[Compare with this Ch. XIV, 12, wherein a similar Result was obtained for the 
case of approximation to Mean Velocity past a Vertical]? 

27b. Use of c better thah c. — Again, it will be seen from Art. 11, 
that the effects of Unsteady Motion haye been very imperfectly eliminate 
ed from the yalne of U^, and therefore also from the experimental yalne 
of c. Had each velocity U, been 48 times observed (like vj, it seems 
probable that the Range of c now shown wonld have been rednced. On 
the other hand the Bange of c would be increased, if the number of 
data (Sets) available for it were increased to the number* available for c. 
Thus it seems that in a strictly fair comparison — 

" The Range of c would probably exceed that of c",.* (56). 

This seems likely d priori inasmuch as the central surface-velocity on 
which c depends is largely affected by wind, whereas the central mean 
velocity is probably but slightly affected. 

Under these circumstances, it seems that (possibly chiefly on account 
of the uncertainty caused by wind) — 

" Central Mean Velocity-measurement is to be preferred to Central Surface Ve- 
locity-measurement for use in approximating to Mean Sectional Velocity ",...(57). 
This last Result, together with Result (55a), are conceived to be the 
most important practical Results of this Chapter. 

28. Velocity-and 81opeBe3ults compared.— The Conclasion (55a) 
that a closer approximation to Mean Velocity is obtainable by actual 
Velocity-measurement than by Surface-Slope measurement is worth fur- 
ther consideration. There can be little doubt that the Mean Velocity is 
in some way conditioned by the Surface- Slope, but the law of connexion 
is at present wholly unknown^ the present formula being in fact purely 
empirical, resting on no rational basis, and therefore only of limited and 
uncertain applicability. The connexion between the Mean Velocity and 
any particular velocity is indeed also unknown, but there can be little doubt 
* The data {U^ Sets) aTaUable for e an far fewv than for c, $tf Art. 10a aod S7. 
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that the connexion is a/ar mor$ intimate and less complex one than that 
between Surface-Slope and Velocity. Thus it appears from Ch. X, 15 
& XVIII, 2, that the yelocities at all parts of a cross-section increase 
or decrease somewhat similarly with any change of External Conditions, 
BO that it may be said that, given any one velocity, the difficnlt problem 
of translation of the various External Conditions into '' terms of velo- 
city " is already done, and the simpler problem left of finding Mean 
Velocity from the given velocity. In other words, the deducing Mean 
Velocity from the External Conditions (one of which is Surface- Slope) 
is an indirect problem, ^nd the connexion is a physical one : whereas the 
deducing Mean Velocity from a given Velocity-measurement is a direct 
problem, and the connexion is possibly only a geometrical one (depending 
solely on the figure of the velocity-surface). 

Add to this that Surface-Slope measurement is a matter of great 
uncertainty and delicacy — 

Uncertain ty. The proper mode of measarement la rery far from properly known ; 

inasmoch aa different Slope-Lengths are liable to give different viduea of the Sur- 
face-Slope, (Ch. VII, 5a.) 
Delicacy, This reaalts from the smallness of the quantity to be raeasaredy 

Bometimea so extremely small (especially in Large RirerB) as to be less than the 

probable errors of mcasorement (Ch. VII, 2b,c}. 

The fact is that the attempt to compute Mean Velocity from Surface- 
Slope-measurement is generally a working from small to large quantities 
involving risk of large error. The Surface-Slope could in fact (whenever 
very small) be much better^ computed from the Mean Velocity than directly 
measured. 

29. Approximation recommended. — Whenever time and means admit 
the direct process of Discharge-measurement developedf in Ch. XVII 
XIX should be adopted. Some simplification for practical use will be 
considered in Ch. XXII. But when rapid approximation is necessary, 
Besults (55a), (57) point to the Conclusion that— 

" For rapid approximation to Mean Velocity a good Central Mean Velocity- 

Measorement is (at present) the most reliable", * (58). 

As the Discharge-measurement is to depend on a Velocity-measure- 
ment at a single point, it is of course essential — in consequence of the Un- 
steady Motion— that this Velocity-measurement should be a good Aver- 
age one, t.0., the Mean of about 50 trials (Ch. VI, 10). T\i^ proper 

* This nggeBtioD ii mode in the B^ Szpti., p. 1S2* 
f The Field-work Is explained in Ch. XVII, 7. 
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application of this requires of conrse a prior knowledge of the value of 
the ratio c = V -r- Uq ; this being at present unknown dt priori, should 
(properly speaking) be determined by direct Experiment for each Site, 
thus— 

Step I. A few fnndamental Cubic Dischaiige-measQrements (D) fibonld be 
made for the Site by the direct process of Ch. XVII, XIX ; the Average Central 
Mean Yelocity-measarements (U^) should be made at middle of each Discharge- 
measurement. 

[The Central Mean Yelocity-measnrements should be repeated about the same 
number of times as the Total number of Telocity measurements upon which the 
Discharge measurement depends, so that both measurements Uo, V may be of equal 
precision, Art. 11]. 

Step IL The fnndamental Mean Velocity-measurements (V) are to be oom- 
puted from the above by the formula V := D -r- A. 

Step in. These will furnish the ^ fundamental values '* of the ratio e to be 
computed as the ratio V -4- Uq. Others can be obtained by interpolation. 
fWithont this prior determination of Taloes of e special to the Site, a good ap* 
proximation could not be expected]. 
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CHAPTEE XXI. 
DISCHARGE-VERinCATION. 

fr<^«<— Thli Ohtpter oontalni • oompailaon of Cnbio Diacburge-measaramenti which it to 
known h priori ought to bo nearly equal. The approximate equality of these is taken to be a proof 
of the nonsLfctency of the Reaults. The moet iitaportant Articles are Art. 1, 3, So, 4b,c, 5, C—eb, 7a, 
8, 8g, 9, 9b,o, 9h, 10— IS, especially the last three. The Resnlte (Art. 12) ace of great practical 
Importance. 

1 . BiacbaTge-Verification. — The importance of the question of Cubic 
Discharge-measurement is so great in practical Hydraulics, that it is 
very desirable to obtain if possible some yerification, or at any rate some 
Teat of the degree of accuracy of the Results, as this would afford a mea^ 
sure of the suitability of the process used. 

The only Tbst that can be considered as yet a perfect Test, and there- 
fore a complete yerification, is the receiying the quantity discharged into 
large measuriog tanks. This is comparatiyely easy with small channels, 
but is a practical impossibility with large quantities of water like those 
here treated of. Some less perfect Test must therefore be sought. 

It is clear that any process whatsoeyer that is worth using should 
giye Results which are consistent with each other. The obyious con- 
stancy of the Cubic Discharge in the following cases, — 
L At the same Site U7ider $iinilar JEgtemai Candition$, 
ii. At sacceasive Sites in the same channel (between which there is no water 

admitted or drawn off), under $imilar External Conditiont, 
seems to be a suitable Test of any process of Discharge-measurement. 
The application of this Test consists merely in the comparison of the 
numerical Results (Cubic Discharges) obtained under similar External 
Conditions. Exact coincidence conld not be expected on account of the 
unayoidable imperfection of the Results, and especially in consequence 
of the effect of the Unsteady Motion of the water thereon, Ch. (XIX, 
19d). Approximate coincidence is all that can be looked for. 

[On acoonnt of the great im))ortance of this matter, soch Verification as is possible 
of the consistency of the Resnlta obtained by the process used on this work will be 
now discossed at lengthj. 
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2. Test i, Disehaigea at same Site.— It is obvions that the Dis- 
charge-measurements to be compared should hare been executed under 
as nearly as possible similar External Conditions. Three applications 
will be made of this Test, and will be distinguished briefly as Tests 
ia, ib, ic, viz., — 

Test ia. DiBcharge-measnrements in same Series, (Art. 3— 8d.) 
Tjbst i^. DiBcharge-measnremeiits on same day, (Art 4— 4c.) 
Test ic. Simaltaneoos Discharge-meaBiirements with different Rnns, (Art 6.) 
S. Test ia, Besults of same Series.— It has been explained that the 
seyeral Sets of any one Series are pieces of Field-work done at the same 
Site under as nearly the same External Conditions as the varying state 
of the Canal permitted. 

[The Bange of water-level does not exceed *8 in any one Series : the Bange of 
Sarf ace-Fall is— though nsaally trifling^anfortnnately rather large in a few cases : 
the Bange of Wind too is often large]. 

It suffices therefore for the application of this Test to compare the 
yalues of the Cubic Discharge tmthin the same Series throughout (Col. 
7 of) the Detailed Tables XXXIV— L VI. 

A rongh sort of agreement will be obyions at once : and part of the apparent 
want of agreement is obyionsly dne to the difference of water-leyel in the different 
Sets of the same Series ; for, as already remarked (Oh. XIX, 17a), the Discharges 
within each Series are foand to decrease on the whole with fall of water-level, so 
that if a correction were applied to reduce all Discharges within a Series to a com- 
mon water-leyel, mnch of the disagreement wonld be got rid of. 

There are, howeyeri nameroos cases of discrepancy which cannot be so accounted 
for, vii : — 

1^ Many cases of discrepancy at same waier'leveL 

2*. Many cases in which the discrepancy is too large to be accounted for by 

the mere change of water-level. • 
d^. Many cases in which the discrepancy is even of opposite kind, (the higher 
Discharge-measurement corresponding to the lower water-level.) 
In these last three cases it is obvions from the mode of computation of the Dis- 
charge-Besults that— as explained in Ch. XIX, 17b~the Telocity-factor is the 
proximate cause of the apparent discrepancies in the Besults ; its change (within 
the same Series) being sufficient to neutralize or even to reverse the effect of change 
of water-level. 

In canying out this Test in detail, it is obviously desirable to apply the correc- 
tion for diange of water-level as a preliminary, so that the source of discrepancy 
may be sought in the other External Conditions. 

Kow it is dear that the actual Discharge-measurements (of the same $3eries) might 
be corrected for both change of water-level and change of surface-breadth (so as to 
reduce all the Besults to a common water-level and surface-breadth) by the follow^ 
ing simple process :*- 

Corrected Dischaige- 1 Actnal Discharge-measurement ^ . . 

measurement i""" Actual Area X- ean reao nes, 

= Actnal Mean Velocity x Mean Area of Series, (1). 

2u 
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Thni tibelCean Ydodty-meBgiireinenii an proportioiial to tlie aob^ "eorreeted** 
quantities, and an thenfon nntaiblefor eampari$am im place oftkt$e tatter, 

i'thej hare the adrantage alao of ahovring distmcUj that the naidnal diacrepanqr 
(after applying the comction for change of level) reallj lies in the Tclodtj-factorv 
and the additional (verjr great) practical conTenience of being compantiTelj small 
qnantities, so that their examination is easy J. 

Sa. Test ia, Tabitlation or Besdi.t&^ A detailed examination of cperpr caae 
of Discrepancy wonld mn to enormous length : it will suffice for the present par- 
pose to examine onlj the larger Disoepanciea. Abstt Tab. 34 affords tiie means of 
selecting these esses : it shows sepszately/M- eveiy Mean VeUeitg Seriet (from Tab. 
XXXIV— LVI)— 

1*, the number of Sets in the Series. 

2", the highest Mean Velocity (V) of tiie Series. 

3^, the Mean Velocity Bange, both actual, and per cent, (upon the highest). 

The emtiy of the number of Sets gires a measun of the chance of oecomnee of a 
hi^ Bange in the Besults, tills chance of course increasing eateris paribme with tiie 
number of Sets. 

The following is an Abstract of the abore, showing separately for eadi Site, the 
number of Series (containing matt than one Set), total number of Sets, "■•■^'■nini 
percentum Bange of Mean Velocity, and number of Series in which this Bange ex- 
ceeds 10 per cent, and exceeds or falls short of 5 per cent 
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It wiU be seen at once that in a large number of Series the percentum Kange is too 
small to be worth inquiiy, and that it is excessiTe (oyer 10 per cent) in only a small 
number (14 out of 78). 

Sb« Test iai Ezgbsbiyb Discrbpafcibb.— It is proposed to limit the detailed 
inquiry to these Series of excessive Bange (oyer 10 per cent) in the first place at 
any rate. Abstr. Tab. 26 contains the data for this, being an Abstract of all elements 
which seem likely to affect the Mean Velocity-measurements in question, yiz.— 

1*- Qauge-Beading, and Variation of same. 

2^. Length of Rod used, (given only for the SoUni Aqueducts). 

8^. Surface-Fall in each Sub-Beach (Fn F^, Fj), and Sorfaoe^bpe (S> 

40. State of tiie Wind. 
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The etsM to be compared aze selected ai followa :-* 
1^ Everj ** Tcry high " mean velocity (exceeding the lowest of the Series hj 10 
per cent) is first entered as the *< Argument " : also the yaloe of ^ of the 
^ame as a gnide to the selection of the ** very low " mean velodties. 
2*. Every «• very low " mean velocity not exceeding ^ of the preceding high one, 
or only the highest and lowest of the same when more than two in number ; 
and in this last case only the highest and lowest values of the several ele- 
ments above-mentioned (viz., /, Fx, Fj, F|, S and Wind) are given : aUo the 
number of such cases. 
The date is given, as a means of identification in the Det Tab. XXXIY—LYI, 
except when the cases of low mean velocity to be examined exceed two in number, in 
whidi case (to save space) the reference numbers of each Set concerned are given for 
the same purpose. The number of cases of high (10 per cent and over) discrepancy 
in the Table will be seen to be only* 88 in all. 

So. Test ia* Discussion.— On the right hand of the Table is given a note of 
what appear to be the Probable Causes either of the unusually high velocities or of 
uncertainty in the Results. It will be seen that— 
1*. In every case the Surface-Fall in at least one of the Sub-Beaches (usually the 
Upper), and sometimes the Surface-Slope are markedly hi^h with the high 
veioeitieM, 
2^. In several cases the use of a Short Rod seems to have enhanced the effect 
8^ In several cases Unsteadiness of the water, and perhaps High Wind have pro- 
duced uncertainty in the Results. 
Thus it appears that in all the cases of excessive Discrepancy the variation of 
External Conditions was such as to aceeunt at any rate in part for it The mere 
collocation of Sets in the same Series is therefore not sufficient to warrant the cer- 
tainty of close similarity of the External Conditions, so that close agreement in the 
Mean Veloeitiet could not he expected, 

8d. Test ia> Rbsbarch tedious.— It might be thought desirable to pursue 
the inquiry into other cases of high (though not excessive) discrepancy, exceeding 
say 5 per cent. The number of such cases is, however, so very large, occurring in 48 
Series {tee Table of Art. 8a), and, in great numbers in some of these Series, («.^., up- 
wards of 64 in Ser. 109), that the work would be unduly extended. 

[As a preliminary in this direction, a Table was prepared showing the details of 
all available elements affecting the highett and the loneet mean velocity of every 
one of the above 48 Series. From this it was at once seen that the high velocity was 
in nearly every instance accompanied (as in the former case) by a Surface-Fall markedly 
higher (in at least one of the Sub-Reaches) than the Surface-Fall with the lower 
velocity. In other words, the variation of External Conditions was commonly aoch 
as to account at any rate in part for the discrepancy. 

It seems unnecessary to publish this Table : the above simple statement will pro* 
bably be accepted as sufficient]. 
4. Test ib| Results of same day.— To coiitinae this inquiry without 

* This if really a wry ttnali propotiion. Bvery pdr of Sets fwiihln the eame Series) Islnihls 
view a comparable pair, Sach Series of n Sets yields of oonrse \ n (»-l) saoh ** comparable pairs *'• 
The Total nnmber of these pairs is 3*714 (as may be readily verlfled from Tab. JSl, which shows in 
one view the number of Seta in every Series herein cencemed). 
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ranning to undae length, it seems therefore desirable to male a seleo- 
tion of cases in which the constancy of the conditions affecting the velo- 
cities can be inferred with greater certainty than in the preyioos rough 
selection, simply as being contained within the same Series. 

There is fortunately a pretty large number (upwards of 100) cases 
ayailable of two, three, or more (up to six) Discharge-measurements 
made on the same day, and generally in close succession. This selection 
will probably giye in general as close an approach to constancy of such 
of the External Conditions as depend on the state of Control (exclud- 
ing therefore Wind) as can be ordinarily obtained. 

[This coDBtancy is, however, by no means nnif orm, as the water was nndergoing 

rapid change of level on some few of the days in question. This will appear below]. 

As before, it is proposed to examine in detail only the cases of higher discrepancy. 

Abstr. Tab. 26 affords the means of selecting these : it shows /9r every day on which 

more than one Discharge-measnrement was made — 

1% the Serial No. and Date, as a means of identification. 

2^, the Gange-Readiog, and the resulting Mean Velocity for every Diachaige- 

measnrement of the day. 
S°, the Bange of the Mean Velocities of the day. 

4?, the per cent. Range estimated on the highest Mean Velocity of the dqr. 
The sign + or ^ prefixed to the Range indicates that the change of Mean Velo- 
city is of same kind at or of oppoiite kind to the change of water*leyeL No sign is 
attached when the water-level remained constant 
The following is an Abstract of the above, showing for each Site separately as 

follows :— 

1*, the number of pairs, trios, &c., &c. 
2*, the maximum per ceot. discrepancy. 

S®, the number of cases of discrepancy under and over 8, 5, and 10 per cent res- 
pectively. 
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And here a great difference will be at once obvioiu between these and the preriona 
Reealts, in the far closer agreement of the present Besnlts (done on the same day). 
In fact in 80 out of the total of 106 gronps, the discrepancy is so trifling (not over 
B per cent.) as not to be worth further inqairy. 

[It is tme that there are a few cases of excessiye Range, (61«6, 22*0, and 21*1 per 
cent) But the explanation of these is obvious, in that the state of the Canal was 
nndergoing great changes on each of the days in question, as will appear below]. 

4a. Test ib> Discrepancies oyer 3 pes cent.— The detailed inquiry is now 
limited to the 26 gronps in which the Discrepancy exceeds 3 per cent. Abstr. 
Tab. 27 contains the data for this, viz., an Abstract of all the elements which seem 
likely to affect the Mean Velocity-measnrements in question, tIz.— 
1^ Gaoge- Reading (A or H), and Variation of Gange. 
2P. Length of Rod used (2), (only given for the Sol&nf Aqueduct). 
8". Surface-Fall in each Sub-Reach (Fj, F^ F,), and Surface-Slope (S). 
4^ State of the Wind. 
5^ Timekeeper's Initial. 
In this Table the several Sets of the same day's work are arranged in th$ order in 
which they were executed in the Field, for the sake of showing more distinctly 
whether the water was risiDg or falling. 

[The Table shows every case of Discrepaucy exceeding 3 per cent (and no others). 
This accounts for the apparent disappearance from this Table of the groups of 3, 
4, 5, or 6, inasmuch as the Discrepancy seldom reaches 3 per cent, in more than one 
or two pairs of such groups.] 

4b. Test ibf Discussion.— Table 27 is divided into two parts, the first con- 
taining all the groups (9) of high and of excessive Discrepancy (over 5, and over 
10 per cent, respectively), and the latter all the groups (17) of moderate Discrepancy 
(over S, but under 5 per cent.) 

The probable Cause of the Discrepancy is shown in the right hand Column. 

Sigh Ditorepancy, (9 groups, comprising 11 cases each over 5 per cent). The 
right hand Column shows at once what appears to be the sufficient Cause of the Dis- 
crepancy, viz., that the Canal was " not in train ", but nndergoing rapid change in 
each case. 

Moderate Diserepancy, (17 groups comprising 18 cases each over 8 per cent) 
^e Causes of Discrepancy are here obscure, it will be seen that — 

1^ In 8 cases the state of the water was too variable* for accurate work. 
2^. In 4 cases high wind probably interfered with accurate work. 

Host of the 18 Discrepancies are however close to the lower limit, (3 per ®/o,)Tiz. — 

6 of 31, 3 of 3-8, 2 of 3-6, 1 of 8-7, 2 of 3»8, 1 of 8-9, 1 of 4*0, 1 of 4-6, 1 of 4*8 per cent, 
thus there are only two cases over 4 per cent, and 9 less than 8| per cent 

4e. Test ibt I^w Disgbepancxbs, (not over 8 per cent ).—The number of closely 
agreeing j^aire of Results may now be shown, moreover, to be much greater than 

* This oonld not of oonne always be noognised during the progiev of the Field-worlc, the 
Control occQziliig at a distonce* . . 
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wonld at fint tight appear from the ahoTe Ahatract (of Art 4), which ihowa a Total 
of onlj 106 gronpa. Thia number (106) is, howoTer, reallj the actual number tfda^ 
on each of which two or more Diacharge-meaaarementa were made. Now it ia 
clear that each groap of 8, 4, 5, or 6 DiBcharge-meaaarements (done on aame day) 
yields 8, 6, 10, or 15 pain of comparable valaea reepectiTel/, lo that the Total nmn- 
ber of comparable pairs is thus raised (see Abatract, Art 4) to a— 

Total, 84 + 8 X 18 + 6 X 7 + 10 + 16 = 190 pairs, 
out of which there is high discrepancy in 11 pairs (doe to known caii8es)| and moder- 
ate discrepancy in 18 pairs (partly accounted for), so that there remains a Total of 
161 pairs of Resalts in close agreement. 

6. Test iC| SiMULTANSouB Field-work oh diffbrsnt Buns.— The 
four Sets of Mean Yelocity-measarements made at the Belra Bite on 
11-2-79 to test the qneation of the Length of Ran necessary for float- 
work (Tab. LXXI), giye farther yalnable eyidence on this point. 

It was explained (Ch. IV, 28) that every Rod waa timed under four Bopee in 
eueoeuion, so that the Float-yelocities of the same Rod were deduced from 4 differ- 
ent Rons (2 of 25', 1 of 60*, 1 of 100^. The Mean Yelocity-measnrements resnltiiig 
were (eee Table)— 

Middle 50' Ron, 8<00 ; Onter 100' Ran, 2*99 ; Discrepancy = •01, or •8 per cent (on max.). 
Upper 25' Ran, 2*92 ; Lower 25' Ron, 8*06 ; Discrepancy = ^U, or 4*6 per cent (on max.). 
The talae of this comparison is in that the Field-work of each Set was began 
together, carried oat together coDtinaoosly/or every Float-Couree, and finished to- 
gether, so that these four Sets were sabject to precisely the eame External Ccmdi* 
tiona (in eyen minate details), and the Discrepancies of the Resalts can only be dae to^ 
1^ Errors in timing chiefly affecting the Resalts in the short (25') Rnns, 
2^, Unsteady Motion caasing different Resalts in the different Rons. 
The comparatively large (4*6 per cent) Discrepancy in the Resalts from the two 
25 foot Rans, and the close agreement between the Resalts in the longer Rans con- 
firms the views previoasly advanced that a Ran of 50 feet is safficient, and of 25 feet 
too short for general nse. The extreme closeness of the agreement between the 
Resalts from the longer Rons is probably accidental, bat the inference may fairly be 
drawn that a pretty close agreement might be expected in sach work. 

6. Test ii, Discharge-measurements at successive Sites. — For the 
proper application of this Test, it is obyions that there shonld be no 
water admitted into, nor withdrawn from, the channel between the Bites the 
Discharges through which are to be compared. It is desirable therefore 
that there should be no inlets into, nor outlets from, the channel between 
the Sites. It is farther desirable that the Sites should not be very far 
apart, so as to diminish the risk of the occurrence of springs and leaks, 
and to reduce the amount of evaporation and absorption. Four applica-^ 
tions will be made of this Test, and will be distiuguished briefly as Tests 
iia, ii}, iic, M^ viz.,— 
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TEg£ iia. Non-BimiiltaneoiZ8 BiflchargeBy (Art. 7, 7tu) 
Tbcrt ii6. Simnltaneoos Diachaigefi in Bome Reach, (Art. 8»8g.) 
Test ik. SimaltimeoaB Discharges in different Beaches, (Art 9— 9h.) 
TsBT vuL Discharges of same body of water, (Art 9^9h.) 
The sacoessiTe Sites varied considerably in each application, both in width, in 
fignre of Cross-Section, and in physical state, so that the Test applied is pretty 
searching. 

6a. Effect of fobmuljb.— As the formnles nsed in the Discharge-oompatation 
affect the Results (obtained from the same data) sometimes markedly, and tiierefore 
differently at Sites of different Cross-section, the Field-process itself would be most 
fairly tested by comparing Results from successive Sites of similar Cross-Section, 
with same Float' Course Spaeingt so that the same formulas might be nsed for each. 
A far more searching Test, however, of the process as a whole (including both 
Field-work and Computation) is to choose Sites of different erots-seeUonal figure^ 
the more unlike the better, (as happened in the present application.) 

[In the preceding comparisons of Dlschai^ges at same Site (Test i) the same Float- 
Course Spacing and same formula were used in every pair of Results compared, so 
that no Discrepancies were introduced by the mere mode of computation. In what 
follows (Test ii), the Float-Course Spacing and formulas differ at different Sites, so 
that Discrepancy is liable to be introduced in the computation : and it is possible 
that part of this Discrepancy miffht disappear if the Results were recomputed by 
other formulas. The formulas actually used were, however, in each case those believed 
to be the best with the available data, (Ch. XYII, 5a.) 

6b. NoBMAL DisoREPAHOT. — The application of this Test coDsists 
in the comparison of the Diflcharge-meaenrementa themselves. 

[The use of the Mean Velocity-measurements in place of the Discharge-measure- 
ments is obviously not here admissible, (as under Test i) ; the former quantities not 
being proportional to the latter at different Sites]. 

Andy it is dear that a small Loss is to be expected in passing from 
an Upper to a Lower Bite from three different causes, viz., Lbakagb, 
Absorption and Evipobation. In what follows, Gaiv and Loss in 
passbg from an Upper to a Lower Site will be indicated by a + and a 
— sign respectively. It woald seem then that the normal Discrepancy 
should be steadily negative (indicating Loss), and that the occurrence of 
a positive sign (indicating Gain) can only be dne to either — 

1\ Influx of water into the Canal between the Sites, as from springs or inlets. 
2^. Error in one or both of the Discharge-measurements, viz., 
(a), Under-estimation of the Discharge at the Upper Site, 
(&), Over-estimation of the Discharge at the Lower Site, 
provided of course that the Discharge-measurements be either of the 
same body of water, or else under similar External Conditions, in the 
Beach. Hence also a larger Discrepancy is admissible with a n^atiye 
than with a positive sign. 
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As to the three efficient canses of Loss : — 
1^. Leakage. This is of coane a local matter. 

2*. Pereolatum. This is known to take place largely all along the Canal, 
because thd spring-le^el of the adjacent country has risen since its oon- 
strnction : this level was originally raised by, and is presomably still kept 
up by, infiltration from the CanaL 
d". JEoaporation. The loss from this cause is too trifling to sensibly affect the 
Results (Gh. XXV, 8d> 
7. Test iia, Non-siuultambous Disohargbs. — It will be seen from 
the Sketch Plan (PI. 1, 1) that the water from the SoUnl Embank- 
ment passes next through the SoUni Twin Aqnedacts, so tbalr-^ 

Discharge through SoUnf Embankment Main Site = Sum of Discharges through 

the SoUnf Twin Aqueduct Sites, .• (2). 

The application of the Test consists in the comparison of the ralues 
obtained for these two quantities : with simnltaneons Field-work at the 
Upper and Lower Sites, the Resnlts should be equal ; with non-simul- 
taneous Field-work, the Besults should be equal onltf if obtained under the 
same External Conditiona, (an important limitation.) 

Preliminary Work, Some preliminary trials were made in 1877 with the Staff 
(a single Field-party) arailable at the time, the Field-work being done as f ar aa 
possible in eimilar etaiet of water at the three Sites in succession. In two cases 
(Noe. 2, 8 of Tab. 28) the Field-work was done at all three Sites within the working 
hours of the same day, but this was found to be too fatiguing to carry on regularly. 
In the other cases, (when the Field-work at all three Sites was not completed within 
the same day,) seyeral days sometimes passed between the work at the different Sites, 
partly from stress of weather, partly from the vaiiable state of the Canal. 

The Results are shown in Abstr. Tab. g8» which contains a simple Abstract of 
the data of this work from Det. Tab. XXXV— XUV with slight additions. In 
consequence of the Field-work having been done on some occasions on different days 
in different states of water, the actual Discharge-measurements are not quite fairly 
comparable. To render the comparison fairer, a ''correction'* has been computed 
for the Results at the two lower Sites (SoUni Aqueduct) to reduce them to the 
Gauge-Reading of the Standard (SoUni Aqueduct) Gauge recorded during the lield" 
work at the Upper Site. 
The correction (shown in Col. 7) is computed as follows :— 
** Discharge-yariation rsMean Velocity X Change of Area due to change of Gauge, 

«.*..§. . JA = V X g . «*», »....„.(8). 

The sum of the Cubic Discharges through the Twin Aqueducts (with the abore 
correction applied) is shown in Col. 7 underneath the Discharge at the Upper Site 
for comparison therewith. 

7a» Test iia» Biboussiok.— It will be seen that the Discrepancies are on the 
whole contrary to what was above described as <' normal," thus^ 
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1^ Three out of lix show Qain (-h agn) in paadog firom ttie Upper to the 

Lower Site. 
3". The relfltiTe Qains are laiger (as seen by the percentages) than the 
LoBsee. 

Some of thia abnormal discrepancy is dae to the change of External Conditions in 
the Beach. Thos two of the Gains (Nos. 1 and 6) woald be at any rate in part re- 
duced if a correction could be applied to equalize the Surface-Falls (Fj + F^) in the 
Upper Sub'Reach. After making allowance for this, however, there will probably 
yet be a balance of abnormal Gain. And observing that there are no Inlets and no 
Springs between the Sites (being both in the Sol&nf Bmbankment), this points to 
some eomtant source of Error in the Discharge-measurement tending to produce 
Qain on the whole. 

Now the Discharge-measurements in the Lower Sites (Twin SoUnf Aqueducts) 
are known to be somewhat orer-eetimated in the Side-Spaces (Ch. XIX, 8b) in con- 
sequence of the neglect (in computation) of the slight contraction near the bed, and 
of the contraction under the corbelliug. The reduction on this score is, however, too 
small in all the six cases under discossion to affect the Besults much, and has not been 
thought worth computing, especially as the suxface-oontnu^tion is least (only ^S of a 
foot) in the case of largest Discrepancy. 

A further probable source of over-estimation of the Hesults at these Lower Sites 
arises from the mode of estimating the depth, which was simply aaumed to be the 
same as the reading on the Gauge, (the Gauge-zero being on the level of the Aque- 
duct-Floor,) thus making no allowance for the presence of Silt or occasional Obstrno* 
tions (Ch. m, 18) on the Floor. 

[The presence of -^ foot of Silt on the Floor would cause over-estimation of from 
8 X 85' X -10 X 8'00to2 X 85' X '10 X 8*50, 1, e., 51 to 60 cub. a per sec]. 

8. Test lib, Bimultambous Disohabqeb in bamb Reaoh. — The aboye 
application of this Test baring given some confidence in the BeBalts, it 
seemed desirable to give it a farther trial in a more farorable way, yiz., 
by having the Field-work carried out at same time at the Upper and 
Lower Sites, so as to eliminate the uncertainty of possible difference of 
the External Conditions when done at different times. 

8a* Siitcrp of the ivorA.— A second Field-party was of course required for this 
purpose. The importance of this work appeared so great, that Government was 
pleased to sanction the necessary expenditure, and to detail two extra Overseers for 
it early in 1878. 

The new men (Sergts. J. Tuer and G. Reynolds) Joined in Feby. 78. Unfortunately^ 
soon after their instruction was complete, the junior Observer (GorpL G. Grey, B.EL) 
of the ori^al Field-party— -who was in fact only temporarily lent from the Bengal 
Sappers and Miners^-was suddenly recalled to regimental duty : and notwithstanding 
the most urgent representations of the inconvenience necessarily entailed by his sud- 
den removal, his services could only be obtained for a few days at a time at odd times 
during the three months of Msrch, April, and May. Much of his time even at those 
odd times had necessarily to be given to bringing into proper form the computationa 
eouiected with the Field*work he had been previously conoeraed in, (whidi might 

2x 
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otherwise hare been entirely lost,) so that— indnding lots of possible Field>work 
days throngh stress of weather and sickness— there were eyentnallj onlj 17 oocasiona 
in the whole three months (March to Maj 1878) in which it was poesible for the 
two complete Field-parties to work in concert, thus giving in all 17 cases of Simnl- 
taneons Diacharge-Measarement 

At the end of May 1878 Corpl. Grey and Sergt Tner were both finally remoTcd, 
thns reducing the Establishment to a single Sleld-party again. Bnt in Novem- 
ber 78 it was increased again to two Held-parties, and in December '78 to three 
Field-parties for certain Experiments at a distance from Roorkee, described in Art 
9, et «0{. The opportunity was taken whilst these parties were still in Boorkee of 
adding to the number of Simnltaneons Dischaige-Measurements in the Boorkee 
Beach. Eight more were done in all (Ck>mparison Nos. 7 to 10, and 17 to 20 ci 
Tab. 29, 80). 

8b. Test ilb, Application. — ^Ihese Simnltaneotis Diflchai^ge-MeMore- 
ments were done at the three principal Sitea in the Boorkee Reach, 
Tiz.| the Fifteenth Mile (Old and New), Boliai Embankment Main 
and SoUni Twm Aqnednct Sites. These Bites are fully described in 
Oh. Ill, 8 — 12c. Their relattre positions (which is what most ooncerna 
this work) are shown in PI. 1, 1, and their Cross-Sections are giyen in 
PL II, 1, 2, 4. 

It will be seen from the Sketch Plan (PI. I), thai the water passing 
throngh the Fifteenth Mile Sites, passes on throngh the Solini Embank- 
ment Main Site, and lastly throngh the Solini Twin Aqueducts. 

[It should be noted that the Fifteenth Biile Site was completelj remodelled (Ch, 
III, 8) between the earlier and later Experiments in 1878 : (bnt thoogh this aifecta 
the intercomparison of the Besnlts at the Fifteenth Mile Site among taek other^ it in 
no way affects their nse for the present purpose)]. 

The Field-work was done at two or more Sites at once by Field-parties working in 
concert at each ; the velocity-measnrements being commenced at nearly the same time 
at each Site ; the greaUr part of U woi there/ore executed mWUn nearly the eame 
working houre at each Site. The work was distribnted between the different Sites 
as follows :— 



BITIS. 


1878 
Kanh to May. 


Dwr. 18T8» 
and April ma. 


H 


BfltamoeKo. 
VTA M, tOJ. 


1 


BflCaranoaHo. 
rTkli.i8,80J. 


1 


1 


Fifteenth Mi1^ Old 8it^ V 
SolAni Embankment Main Site, j 

SoUnI Embankment Main Site, 7 
fiM&ni Twin Aqnednct Sites, ( 


No. 11 to No. 16 
Na 21 to No. 31 


6 
11 
17 


No^ TtoNalO 
No. 17 to No. 80 


4 
4 


10 
15 


Total, .. 


••t 


... 


25 



Digitized by VjOOQIC 



ART. 8c^8e. 889 

80; Ttatii1>i Tabulation ov RnuLTS.— The Reralii are giren in Tab. gg, 
90, which oontain a dmple Abitnct from DetTab. XXXIV— XLIX, wiih slight 
additions. The data which define the state of the External Conditions may be 
divided into two groops, Qeneral and Local. 

i. Oemerai, defining the state of the Conditions in the whole Beach, ris.— 
]*. Standard (Solinf Aqnedoct) Gange-Reading. 
2^. Snrfaee-Valls in Upper and Lower Snb-BesidieSy (Fj + F„ and F,). 
iL Local, defining local Conditions at each Site, vis — 
8^. Gange-Beading, and Variation of same. 
4^. Local Sorface-Slope. 

6*. State of the Wind at beginning and end of the Field-work. 
In ccmseqnenoe of the Field-work being itmmUatufmi at each of the Sites, none of 
these are likd/ to affect the Comparisons in hand in anj way except the last, Tis., the 
Winds the way in which this is liable to affect the Comparisons lies of course in the 
increased diflicnlty of the relodlywork, and in the nnoertainty of determination of 
water-leYel in a high wind. 

Inafew(three)oftheprecedingcase8,Tis.,KoB.8,18; 9,19; 10, 20 it is possible 
to exhibit this Test in a still more crucial manner, the Field-work haring been done 
by three different Field-parties working ai the oamo Hmo ai the three SUee. The 
Resnlts an shown at foot of Tab. 80. 

8d. Ttat lib, IHeerepaney im Qeneral Data.-^ might be expected that the 
General Data which define the state of the Bxtemal Conditions for the whole 
Beach, tIs., 

1^ The Standard (SoUnfAqnednct) Gange-Beading, 
2^. The Snrface-Falls in the Upper and Lower Snb-Beach (F| + F,, k F,X 
should be the same at each Site for any one Comparison, in consequence of the simul- 
taneity of the Field-work, whereas there are slight differences in the values recorded 
for each Site. 

It seems necessary to explain this. The entries of the Standard Gange-Beading 
are readings obtained by each Field-party independentfy* for itself at the time of 
passing the Gauge on going out to or returning from Field-work, and therefore at 
different times. The reading of this Gauge at different hours, and therefore often in 
different states of wind, accounts for the slight differences in the entries for each Site. 
Further, the Surfaoe-Falls in Upper Sub-Reach (Head -Gauge to Standard Gauge), 
and in Lower Sub-Reach (Standard Gauge to Tail-Gauge) depend also on this 
Standard Gauge-Reading : this accounts for the slight differences in the entries for 
each Site ; any considerable differences must be due to real changes going on in the 
state of the Canal. 

8e. Test iib> DUcrepaney in Ifiai.— It might be supposed that since the 
Field-work is sail to be HtmUtaneous, the Wind entries ought to be the same for all 
the Sites. But, firstly the Wind-obsenrations were not eynehnmom : those at the 
beginning of the Field-work were done only roughly speiiling about the same time, 
whilst those at the end were done for each Site at the end of the Field-work of that 
Site, and therefore at very different times (differing sometimes by about an hour): 
Next, the exposure of the Sites was veiy different : the Fifteenth Mile Site is in a 

• it bfllng thonght bart tbat flach party*! work tfionld be quit* IndeptndMt 
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ae^cnttlag, th« high bMUn of wUcfa aie wdl planted witfi Izmb, so that it is weU 
sheltend from wind i whereas all the Solini Sites an on the top of the lofty 8oUnf 
Kmhankment aerov • wide open Tslley (2} miles wide), without shelter of any kind 
from the wind. 

This explanation wUl saffieiendy aeoonnt fbr the great diffeienoes in the Wind 
record at the different Sites. It may be noticed thjit at the Sites with similar expo- 
sue (the SoUni Sites), there is commonly a fair similarity between the Jint Wind- 
Obsenrations which were made about the same time, also that the Wind-entries for 
the sheltered (Fifteenth Mile) Site are steadily less than for the exposed Solini Bm- 
bankment Site. 

8f. Unequal Duehargei in Tmin Aqutdueti.'^li might be expected that the 
Field-work hjiYing been on each occasion oontumons (beginning at left bank of Left 
Aqaedact, and ending with right bank of Bight Aquednct),— and lasting only about 
4 hours, the Discharges through both Aqueducto should have been equal. Baton 
referring to Tab. 90, it will be seen that the Right Aqaedaet Diseharge-Measuroment 
is usually markedly the larger. 

[There is only one contrary instsnoe (No. 23, and that is an unimportant one) in 
the Total of 15 cases (Tab. gO)]- 

A similar excels occurs in 5 out of the 6 Cbmm in Tab. 38 of Kon-atmultaneooa 
Field-work. 

Thai exoess is no doubt due to the partial obstruction of the Left Waterway (no- 
ticed in (3h. m, 12b &XVII| 12, i) in the imperfect remoTal of the dams nsed for 
repair. 

8g. Test lib, DtscuisiiMi.— As a preliminary to tracing ont the canses 
of the Discrepancies (some +, t.s.y gain : some — , t.^., loss) between the 
Discharges at the different Sitea, it will be well to recapitolate the condi- 
tion of the bed of the several Sites, and the state of water in which the 
Soundings were made at each Site. 

It should be remembered that— 
P. A level bed is favorable to the use of velodty-rods, and also to sounding. 
2^. A rough bed is unfavomble to the use of velocity-rods, and tends 
(Ch. XV, 11a) to OTsr-estimation of the Mean Velocity past each verticaL 
a". Soundings in deep swift water are un&vorable, and tend to over-estimation 
of the depths, (from the difficulty of holding the Sounding-Bod up- 
right). 

When both conditions V^^ are eomUned^ the Discharge may fairly be expected 
to be over-estimated. The Tabic next below is an Abstract of these conditions at 
each Site, and of the effect on the computed Bischaige. 

LThere is also a «SMiZ Leakalittle below BCahewar Bridge, is., below tiie Fifteentii 
HUe Site and abore the Lower Sites, probsbly too small to affect the Besults much : 
sinulsrly the amountof peroolation between the^ Sites is too small to be worth 
notioej. 
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MnclitolCayms. 



imtoAptaim, 



Flfleen(]illil6,| 



Soltoi ( 
Embankment, ] 
[IfainSito]. 



Sol&niTwin 
Aqnednctfl, 



Bed Twy Tongk 

Soandings in deep swift water. 

iSeiMir. Diioluttn ovt^ciWmatert. 

Bed rongh. 

Soundings in shallow slack water. 

[No infsraoe Mto effeotonlMMhargel 



Bed pretty lereL 

Soandings in deep swift water. 

(No lafemuM Mto eOWt floIHMbKgv]. 

Bediongh. 

Soundings in deep swift water. 

BumU* DiMhttge OfW-MUmatad. 

Bed leyel, but with occasional accidental heaps of rand, stones. &e. 
Depths inferred from the Gange-reading ; probably over-estimatedy 

as no deduction is made for silt deposii (Ch. HI, 12, 12a). 
Discharge certainly oyei^estimated in the Side-spaces, (Ch, XIX, 8b.) 
amtrai Memtt, Difouvge ponMwhai c 



Jhnm this it is dear that in comparing DischaigeB at any two of these Sites, llie 
Discrepandes may be expected to be Gain(+ ) or Iioes(-) as diown in the following 
Table. The Table shows also an Abstract of the Actual (percentnm) Discrepandet 
taken from Tab. 29| 80. 



Bins. 



8XAB0V. 



BspflrtnMntil Dcwlta. 



Oompuiflon 



DiMrepuMj. 



"g°- I tymfmH, 



Fifteenth Mile, &( 
SoltoiBmbkt, { 

^ Ijimbkt.,& ( 
M Aqueduct, ( 



Deer. 78 



May '78, 
toApiil 



'79, 



March to May 78, 
Decr.78toAprU'79, 



Loss 
Gain 

Gain 

?L0S8 



No8.11tol6 
Nos. 7 to 10 

Nos.81to81 
Nos.l7to20 



All- 
8+,l- 

AU-f 



- 8-3 to - S-7 
•f 5-8to-l-6 

+ 5'9tO-»- '8 
* M to -I- -8 



The agreement between the dgns of the Discrepandes expected it priori and ao* 
tially obtained by Experiment will be seen to be very dose, there being only 2 excep- 
tions in the 25 cases. 

The larger Discrepandes also ooenr mostly (yic, 7 out of 9 oyer 41 per cent) in the 
work connected with the Hfteenth Mile Site, (Tab. 29^) This is probably due to 
the roughness (^ the bed at Oat Site. 

Lastly, it will be seen that there were Causes at work (tee Notes in right hand 
CoL of Tab. gQ, 80) tending to produoe uncertainty in the Results, yia.— 

l?i Unsteadiness of the water in 6 cases diown dther by the Ganges at the Sites 

(Cases 80, 21 ), or by the large diseiepancy m the Surfsce-Fallsof the Upper 

or Lower Sub-Beach as registered for each Site, (Cases 8, 9, 18), and*- 

2". High wind in 4 Cases (10, 15,20,21). 

The general smallness of the proportionate Discrepandes (few of which 

are of practical importance), taken together with the fact that they are to 

a great extent satisfactorily acconnted for by the conditions of the time, 

points to the conclusion that the agreement would haye been in all proba- 
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bility a good deal closer under more favorable ConditionB at each Bite, and 
ia deddedly in favor of the general accuracy of the process (of Discharge- 
Measurement) used, when done under really favorable circumstances. 

9. Teats iiOyd, Disghabgbs in diffbrbht Bbaohis. — ^These Tests 
were applied on a large scale at beginning of 1879 at the three Dis- 
charge Sites in the Belra, Jaoli, and Kamhera Beaches, which are des- 
cribed in detail in Oh. Ill, 13—17, and PI. lY— VI, and whose relative 
position— which most affects the present question— is shown in PL III, 
and described in Ch. Ill, 18, 18a. 

It will be seen that the water passing through the Belra Beach is 
difided (at the Jaoli Begulator)» so that part passes down the JaoH Beach, 
and part down the Kamhera Beach, except only for a small quantity, 
which is diverted near the Tail of the Belra Beach into four small Dis- 
tributary channels (the Bight Jaoli, Mans6rpur, Mir&ipur, and Pimora). 
It follows therefore that, except for evaporation and percolation — 
^ Discharge at Beln Site =: Sum of the Diseharges at Jaoli and Kamhera Sites 

and in the four Distributaries ", .(i). 

From these two Tests (iic,d) having been applied at the same Sites, 
it will be convenient to discuss them together in following Articles 
(Art. 9a— h). 

9a. Sitet iM/2iv0raB2d.— It cannot be said that the Sites were fsTorable, dther in- 
diyidually or coUectiyely, for theae Tests. The faalts of each.of the three large Sites 
Uve been explained (Ch. lU, li-16) as bdng chiefly— 

1^ JSdra Site. Too near Beha Bridge, Bed-level soonred below level of Jaolf 

Falls Crest, Bed rangh. 
2^ JacUSUe, Too near Jaoli Begnlator Falls, Bed reiy roogh. 
8*. Kamhera SU, Bed and Banks roagh. 
The faults of these Sites collectively were chiefly— 
1^ Their distance apart (aboat 6| miles firom Beha to Jaoli Site, and ^ man 
to Kamhera Site) inoeasing the uncertain amoont of Loss from leakage, 
absorption, and evaporation. 
2^. The existence of the fonr small Distribataiy channelB leading out from the 
Belra Reach near its Tail, (PL m, & Art 9g). 
9b. Basob of Work.— Notwithstanding these disadvantsges^ the 
Comparisons in question are belicTcd to be of great value as a Test 
of the fair accuracy of the process used from the grand scale of opera- 
tions, and from the considerable Range of water-level and of Discharge 
at each Site, as follows : — 

At B^ra— Gauge Beading, 7**54 to 5-74 ; Bange, 1 '80. 

Discharge, 5,761 to 4,166 c./f* per see. ; Bange, 1,661. 
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At Jao2l— Qaage-Seading, 7*'82 to 5-'21 ; Range, 2*11. 

Discharge, 4,813 to 8,202 e./t, per see. ; Range, 1,611. 
At JTamA^a— Gange-Reading, 6*'56 to 5''27 ; Range 1''29. 

Discharge, 982 to 711a ft per see, ; Range 271. 
Four i^iffrlMaHci— Total Discharge 298 ixiOe./Lper see. ; Range 298. 

[The aboTe is an Abstract simply of the highest and lowest qoantity of each kind : 
the Resnlta are not simultaneous], 

9e. Tests iic^dy Applioatioh. — The proper application of the Test* 
equation (4) shore sppesrs to require either — 

Tr8!F iitf. The Field-work at all the Sites shonld be done nsarljf at ike same 

time, (i.A» begun about same time^ and finished about same time). 
Tbbt lid. The Field-work shonld be performed as far as poesible upon tke msm 

mass of water : (being begun later at the lower Sitee> 

Both Methods were tried as follows :— 
Test ii^. This Method was adopted throughout the month of Jannaij 1879, 

the Field-work being begun about the same hour at all the Sites. 
Test iid. Thia Method was adopted throughout the months of February and 

March 1879. The probable Mean Velocities at the different Sites being (roughly) 

known from the January work, the Field-work of each day was begun first at the 

upper (Belra) Site ; the Field-work at the two lower (Jaoli and Eamhera) Sites 

was begun after an interyal, supposed to be sufficient to admit of some of the 

mass of water (which was at the upper Site at the beginning of the w<»k) passing 

down to and reaching the lower Sites. The allowance is of course yezy rough, 

being only guessed at from the probable Mean Velocities. 

[This second Method can only be adopted in cool weather : its adoption in hot 
weather would inyolye the Field-work at the lower Sites being done in the heat of 
the day, (if that at the upper Site be done in the cool hours of the early mocning)| 
wheueyer the Sites are— as in the present instance— seyeral miles apart]. 

Qd. Staff.— Three Field-parties, each complete in itself, were employed (work- 
ing in concert) at each of the three principal Sites (Belra, Jaolf, and Eamhera) ; four 
additional Oyerseers haying been detailed for this special work by Gk>yemment, (oyer 
and aboye the two in permanent employ). The new men joined in Noyember and 
December 1478, and wexe trained in Roorkee ; their training was finished in Decem- 
ber ; and the whole party moyed out into camps formed near the seyeral Sites at the 
end of 1878. 

The first few days of 1879 were employed in the preliminary leyelUng operations 
(Ch. Vn, 4) ncjcessary for Surface-slope measurement : this covered a good many 
days, as there was only one large Leyel ayailable suitable for this purpose. 

The sjstematic work— at all the Sites in concert— was in full operation from 9th 
Januaiy 1879, and was continued daily (on week days) with few exceptions from 
stress of weather, sickness, &c, till end of March 1879, when camp was broken up, 
and the parties returned to Roorkee to reduce their work : this occupied the month of 
April s at the end of April, the extra Staff was all dispersed. 

There was at times so much sickness among the Staff as to threaten the loss of 
much of the systematic work, (which it will be seen required the simultaaeous work 
of all six Oyerseers). An additional Oyerseer was accordingly applied for as " wait- 
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ing man ", and joined in February 1879, but he prored nnfortanately ihe dckHeat of 
the whole. 

[The BickneaB was not eanaed by the Experiments' work ; the men tfaemselTea were 
in bad health when they joined J. 

The nmnber of Diaeharge-measorementa made in this time at these Sites was— 

•<BelnSite,S8; Jaolf Site, 55 ; Kamhera8ite,56«" 
Oat of these there were 44 that were done in eonoert, as abore explained. 
The Staff was thus arranged for the systematic woiic ; the distinguishing initial of 
each is shown alongside his name. 

Superiniendentf Capt Cnnningham (0)* 

Obierveri, at Behra— Sergt W. Porters, (F), and Ifr. J. Andrews, (A). 
OhenerSf at JaoU— Sergt G. Reynolds, (R), and ICr. C. P. Smith, (8)« 
Obiervers, at Eamhera— Mr. J. dowsley, (Cl.)i and Mr. J. Gallaghan, {(J), 
Obierver, (Waiting Man>-Sergt J. Bell, (B). 
Cl&rk and Computer^VLt, Q. Henry, (also employed in silt-oolleeting.) 
Besides the regular Discharge-work at the three principal Sites, which foHy oeen- 
pied the 6 Observers detailed to them, some extra hydranlic work was nndertditen by 
the 8 remaining hands — in addition to their ordinary duties, riz. — 

The Superintendent and SeigL Bell formed a fourth Obserying party, partly for 
DiBcharge^measnrement in the 4 Distributaries, and partiy in trials of Current- 
Meters. A daily silt-measurement was undertaken by Mr. Henry. Tins work 
will be described in Ch. XXIV, 9b. 

The whole of the Field-work (down to the minutest particulars) was done niUUr 
tk§ immediate pereomal mpervition of the Superintendent, who accompanied* the 
parties out into the Field, and was present with one camp or the other nearly aU 
the time. 

9e* TestB iiOfd, Tabttlatioh of RB8X7LT8.—The Besnlts are giTcn in Abstr. 
Tab. 81> u follows :— 

Ten iic, see Oomparison Nos. 82—41 of Table. 
Test iidf see Oomparison Nos. 42—76 of Table. 
They are simply an Abstract from Det Tab. L— LV. It has not been though^ 
necessary to giye quite such full detail as in the former Comparison-cases. 

[The Beferenoe number to the Sbboes and Sbt in the Detailed Tables has not 
been giyen, as they can be easily identified by the Date and Oange-Beading : the 
Tables are— 
Bebra Site, Tab. L,II ; Jaolf Site, Tab. LH, LHI $ KamheraSite, Tab.Liy,Ly. 
Again, the Fall of Water-Surface and Surface-Slope have not been giren in the 
present case, as from the circnmstanoe of the Field-work having been done iM concert 
at all the Sites, it in no way affects the question of Comparison of the Dischargo- 
Besults]. 

The record of the state of the Wind at beginning and end of the Held-work is 
giren solely to show the different circumstances at each Site, the Field-wo^ beiag 
more difilcult, and therefore less trustworthy in a high wind. 

gf. JHicrepaney i% TFtMl.— It will be seen that the Wind entries are asoally 
9^ Ji^fTAi^ at the different Sites: thecansesof this are (as in Art 8e>— 

• taaviBg bsea tnpocarily laUffeA of Us wwfc in tiM Thomaaoii a 1L C<)U^ 
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l^ Non-cynehroiiiflm of the wind-obBerrationB. 
2^ The distanoe apart of the Sites. 
8^. The different ezposnre of the Sites. 
4^. The different directions of the Reaches. 

The wind-ohseryations not being sjnchronons (I^), a general change of wind might 
oecnr in the interral, which might take effect at a different time at each Site, in con- 
sequence of (2^) their distance apart Next, (3") the exposure of the Sites was rery 
different, as foUows :— 

Beira Site, between high banks, thicklj planted with trees on both ndes, and 

therefore well sheltered from cross (t.e., E. or W.) wind. 

JaoU Site, between high banks, planted with trees on left bank only, and there- 
fore not much sheltered from the preyailing wind, (nsnally W., i«., from R. bank.) 
JSamhera Site, Low banks, very little shelter. 

The wind-entries show accordingly almost without exception far less wind at the 
Belra Site than at the other Sites ; and that chiefly ap- or down-stream. 

Lastly, (i^), the direction-entries show direction (not cardinal direction, bnt) 
in a special way, yiz., referred to the axis of the stream at each Site as the working 
N. S. line (Oh. V, 21) : so that a wind of the same real cardinal direction would 
be registered toidi a different ** direction " at each Site, in consequence of the 
different directions (tee PL III) of the three Reaches 

Qg^ Dietrihuiary'Diicharga UHcerlain.—Th^ presence of the Distributaries 
was disadrantageous, as introducing an element of uncertainty into the Comparison 
Reeults. The proper application of this Test would obyiously have required either 
the complete closing of tiie Distributaries, or else simultaneous measurements of the 
Discharge through all four made in concert with those of the three principal Sites* 
The irrigation necessities of the country would not admil of the former ; and to 
have effected the latter would have required the addition of four more complete Held- 
parties, an expense which could not be incurred. 

By a special arrangement with the Canal Staff, the whole of the four Distribu- 
taries were, howerer, closed for fire days (24th to 28 th Febry.), and were also run 
Terj low on other six days 15th, 17th, 24 th to 27th March. The Comparison Results 
on these days hare therefore a special ralne. 

In order to make some allowance for the Discharge passing through the Distri- 
butaries, the Gauge-Reading of each Distributary was taken daily (by the Canal 
Staff). The Discharges corresponding were taken out from the official Canal Tables ; 
the sum of these four Discharges is entered daily in each Comparison for the purpone 
of making up the Total Discharge passing through the Lower Sites for comparison 
with that passing through the Upper (Behra) Site. 

This of course introduces an element of uncertainty into the Comparisons, (the sum 
of the Tabular Discharges of the Distributaries amounts at a maximum to about 6 
per cent of the Total Discharge of the Canal,) but it was the best allowance that 
could be made under the circumstances. 

In order, howerer, to afford some check upon the figures so obtained, a few (9) 
Check Discharge-measurements were taken in the four Distribntaries by the fourth 
Held-party (mentioned in Art 9d). The Results are shown in Tab. 28 ^or compari- 
son with the figures given in the official Canal Tables ; the latter will be seen to be gen- 
erally markedly the lesser of the two : as to the cause of this, aee Ch. XIX, 20d, e. 

2 Y 
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91l. Tests iiOfdf Bibo^bsion.— The Table below is an Abstract (from Tab. gl) 
of the reenlting Discrepancy between the Discharge at Upper Site and the Sam of 
the Discharges at the Lower Sites. 

It will be seen that the Besnlts are decidedly closer when the Field-work Is done 
mpim the tame hody of water (Test Wd), than when the Field-work is simiidtaneoue 
(Test tie) ; the Discrepancies in the former case being nearly ail on the side of L068| 
which has been explained (Art 6b) to be the normal Besnlt 



DtMriptlon 
of line. 


TiRTUc. 
[Simnlteneou Field-work]. 
lOcMee. 


TBSTlld. 
[Field-wocfc in nme water]. 
Motaei. 


TOTAL. 
44 OMeB« 


Bange, 

Nnmberof ^ 
cases, 


+ 8.6 to - 2.7 'lo. 
5 gain, 6 loss, 
8 over 2^0 gain, 
8 oyer 2 «/e loss, 
CQian(+y,LoiB(-)]. 


+ 2.8 to - 6^ 'lo, 
5 gain, 29 loss, 
2 over 2 0, gain, 
5oTer8<^oloB8, 
lGein(+).Lo«(-)]. 


+ 8.5to-5.6»|» 
10 gain, 84 loss. 
5 over 2 ^'jo gain. 
5 over 8 •{•loss. 



As part explanation of the Discrepancies, it may be seen (from the right hand Ool. 
of Tab. 81) that the Unsteadiness of the water in 4 .Cases (Nos. 55, 66, 67, 75), and 
High Wind in 18 cases must have tended to produce uncertainty in the BesoltSi 

The general Result is very satisfactory, the nnmber of cases ezoeeding 2 per cent, 
of gain or 8 per cent of loss being very few, only 5 of each ont of the whole 44. 
And there is no donbt that the Discrepancies which show Loss would be generally 
somewhat less had the Discharges in the Distributaries been measured by the same 
process as used at the large Sites : for the few Check Dischaige-measuranents taken 
in the Distributaries giv^ Results generally larger than those of the Canal Tables, 
(fee Tab. 28.) 

There does not appear to be any obvious cause for the occurrence of cases of Gkua 
( + ) at all These are, probably in part, due to error in the Results. It will be seen 
that in the 6 cases (Nos. 55 to 60) in which the Distributaries were dosed, the Dis- 
crepancies are all on the side of Loss. 

10. Abstract of Tests^— The Test applied to Terification of the Dis- 
charge-measurements has been yery yaried and searching : the following 
is an Abstract :— 

Tbst la. EentlU in same Seriee. IB Series containing 559 Results : the number 
of pairs of Results thus virtually compared is of course vety laiige. Only 14 eases 
of Discrepancy exceeding 10 per cent, and these all accounted for by the varied Ex- 
ternal Conditions. 

TBBTi(. JUiuHt of same day at same Site, Total 106 groups of Results, t.e., 190 
Oimpariaons. Only 11 cases of Discrepancy over 5 per cent, and these all accounted 
by the yaried External Conditions ; also cmly 2 more over 4 per cent., and 16 more 
over 8 per cent, and these partly accounted for by the change of External Conditions. 

Tbbt io. Simultaneous teork on differeni Euns, One Result on each of 4 differ- 
ent Runs. Results of 50' and 100' Runs closely accordant 

Tbbt ]ia. It^on-simfataneous work in same Reach, Total 6 comparisona. Only 
one case of Discrepancy over 4| per cent, and this partly aoooonted for. 
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Tkst lib, Simvltandtnu work in tame Reach, Total 25 compari8on& Only 6 
cases of Discrepancy over 6 per cent Most of the cases of Gain partly acooonted for. 

Tbbt ii0. Simultanevus work in different Reaohee, Total 10 comparisons. No 
Discrepancies amoonting to 3 per cent Only 5 cases of Gain. Discrepancies partly 
aoconnted for. 

Tb8T lid. JHechargee of same body of water in different Reaeha, Total 84 
comparisons. Only 5 cases of Discrepancy oyer 8 per cent. Only 6 cases of Gain. 
Discrepancies partly accounted for. 

11. Oanses of Discrepancy*— The yarioos oaases of Dborepancy in 
the above Comparisons woald seem to be— 

1*. Un&iTorable condition of the Sites. 

2*. Unfayorable state of External Conditions, (a^., High Wind, Canal being 
«ontof train", &c.) 

2P. Dissimilarity of External Conditions (in the Non-simnltaneons work). 

4^ Unsteady Motion of the water. 

SP. Observation-Error, including personal equation. , 

e"< Use of difEerent formulso. 
After making every allowance for the first three and the last (which have 
been already considered) there will remain a certain amount of residual 
Discordance, which must be ascribed to Nos. 5^, 6^ From the care 
taken in the actual observations, it seems probable that the ordinary 
Observation-Error (in the final Result) must be very small, so that most 
of the residual Discordance is probably due to the Unsteady Motion of 
the water. This confirms the view before advanced (Oh. YI, 16) that— 

" Single Discharge-measurements (depending on say only 60 separate Telocity- 
measurements) are Fair (but not close) Approximations", (5). 

12. General Conclusions^— Taking the evidence as a whole, the fol- 
lowing Conclusions seem fair : — 

** Under favorable circumstances the process of Discharge-measurement describ- 
ed in this Work yields consistent Results ", (6a). 

" The amount of discordance between successive Results may be expected to be 

seldom over 8 per cent", (6&). 

Viewing the very great variability of velocity at any one point arising 
from the Unsteady Motion of the water, the above Conclusions are very 
satisfactory, and are of great practical importance. To secure, however, 
anything like the above close approximation, it is obviously necessary 
that the <' favorable circumstances '' mentioned be secured, viz.— 

''The conditicm of the Sites must be favorable ", (7a). 

" The velocity-measurements should not be done either in high wind, or when 

the Canal is not • in train ' ", .(76). 

" When successive Results are to be compared, close similarity of External Con- 
ditions is essential'', i..(7c). 
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PRACTICAL DISCHABGE-MEASUBEMENT. 

Pr0ice,-^TbiM Chapter contains the System of CaMo Diflohaige-Measniement proposed for pnotl- 
oal adoption, and majbe looked on as the chief pzaofelcal oatoome of the whole Woik to which all 
that precedes has led npi 

1. Ftactioal Disehazge-Measarement — ^The most important jprocti- 
ccU Resalt of the whole of this Work is conceived to be the elaboration 
of a Bjstem of Discharge-Measurement preyed to have the merit of 
giving consistent resnlts on a large scale, which can be carried ont on a 
large Canal in a few hours, and requires the use of such a simple Instru- 
ment as the Yelocitj-Rod. 

It remains to offer a somewhat simpler modification of the details (than 
the kborions system thought necessary for these Experiments) for gener- 
al practical application. It will be obvions from the description of the 
system of Sounding and Discharge-Measurement described in Oh, Y, 
13—17 ; X7II, 5—7; XIX, 1— 15a, that the amount of labor depends 
chiefly on two things— 

1®, the number of Cross-sections taken, 

2% the number of Float-Courses adopted, 
and can only be rednced by redncing the number of one or both of these. 
Opinions will differ as to the number of each necessary and sufficient for 
the approximation required. All that can be said is that the greater the 
number, the greater the labor and, the greater also the probable accuracy 
of the Result (supposing of course that the Oross-Sections and Moat- 
Oourses are well selected). 

2. Oross-Section&— At least three Oross- Sections should be taken, 
one at the centre of the Site, and one at each Bope. Any others that 
time admits of taking should be in pairs at eqaal distances from the cen- 
tre of the Site. The Soundings to be taken along the Moat-Courses, 
(see next Article). 

8. Float-Coarse Spacins^— The principles for arranging this are 
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explained in CSL XVI!, 5^6. It is recommended ihat there shonld be 
always- 
One Float-Ci)iixBe tt centre. 

One dose (as dose as possible) to each bank, when the banks are TsrtieaL 
One OYor foot of each Side^slope, when the banks are sloping. 
Ihe enb-diyision of the Central Space most depend on the time avail- 
able. The adrantage of '' Weddle's Bole" is so great (both in aooa- 
racy and conyenience), that the Float-Oonrses sboald be arranged to 
snit it whenever time permits. Its use requires division of the Central 
Space into 6 equal parU^ making in all (along with the two outer Float- 
Oonrses above-mentioned) a total of 7 Float-GoorseSy-— a nnmber which 
should not unduly tax the practical Engineer. 
4. Field-work. — This consists of two parts— 

i. Sounding. The AvBBAas Dbfths (H) along each Sloat-Ooone to be 
foand (by soonding). 

ii. Vehetty^ark, The BOD-VSLOOITIBS («) in each Float-Coarse to be taken, 
each being at least thrice measured. 

6. Computation.^Ii^ following scheme the same accents, and subscripts are 
giyen to the quantities H, «, D of same Float-Course, (where D s Superficial Dis- 
charge past the corresponding yertlcal) ; the subscript cipher (,) indicates the centre, 
the accents indicate Right or Left of Centre. 

[imth/ri* rj3 = WldthofeMhngiii8DtofC8ntna8paoe]. pvUth/S*]. 
?0 fs" fh' »/ »• »i' V «i' ' ^0 

TX * Tt " n ' Tt " TT TT' TI' Tf» TT» 

1X4 XI9 Jtlf Xlj JO^ Uj Xl( XI3 JEI4 

?0 D,' D,* D/ Do Di' D,' D; ?0 

Stxp L Compute the product (D) of eyery H bj the corresponding «, (i. «., 
D = H«), and obserre that the Edg^velodties being assumed zero, the ralnes of D 
at the edge are also sero i also that the depths (H/, B^ at the edges would be lero 
with sloping banks. 

Stxp n. The Cubic Discharge in the Side-spaces (say D't D') and Centra-Space 
(say Do) ™^^ ^ computed separately, thus — 

Centre'Spaee^Bo^^^vfi X {(D/ + Df + D, +Di'+ D,') + 5 (D/ +D.+D,')} 

Sit^Spaees, (vertical banks), D* = I FW* D'= f /3'D'. 
„ „ (sloping banks), D'= 4 jS'D/, D'=»^'D'. 

Lastly, Total Cubic Discharge, D = D' + Do + D'« 

Stbp nL The Area (if required) should be computed by similar formnln (so as 
to giye equal approximation), thus ; (A', A^ A' being the Areas of ihe Left Side- 
Centre-, and Right Side-Spaces), 

Centre-Space, Ap = ^^ x {(H/+Hi'+ H, + Hi' + H,*) + 5 (H,'-f H«-f B^')} 

Side-Spaeet, (vertical banks), A*= 4 ^' • (H/+H,Oi A'=4 /8*. W+5«') 
„ (sloping banks). A* = I /r.H,", A'ssJ/yfl; 

lastly, Total Area, A s= A'+ A«+ A'. 
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6. Details^— For farther mformatioii as to details, sm following :— 

1* Choice qf 8iU, Ch. 1, 7 ; XV, ]1— lib : Prepwaiitm (forme of BodB> 

Ch. XV, 12. 
a*. JRopUf and Ptndantgt Ch. IV, li— 18. 
8*. Saunding, Ch. V, 16, 17 ; Average Deflhi^ Ch. V, 13^15. 
4«. Rode and Plank Trays, Ch. XV, 4—71 
5^ TimeMeepert Ch. IV, 86b. 
e^. Timhig, Ch. IV, 26, 26a. 
T. Length qf Run, Ch. IV, 27, 8a 
8». €h)od HfioU, Ch. IV, 81, 81a. 
if. rteU-Bo^M, Ch. IV, 82, 88, and Tab. SS- 
10^. VeloeUg'reihuti0m,OtL.IV,9L 

7. Special Notes. — Upon the above matters, the following shonld 
be noted : — 

l^ Sitet. The nearer a Site oonfonnB to fhe principles laid down fhe better. 

2^ Ropes. To be strained as near the waterninrfaoe as poaeible. 

8^. Sounding, To be done from a boat floating freelj down-stream, if possible 
with a 8oandin9-Eod, (not with a ** eonnding-line ''.) 

4^ Rods. Tnbe-Bods are the best : a Set of 12 of each length in most tmiaent 
nse, snd of 6 of all other lengths will be required ; the lengths to adyanoe 
by (T from a length of 1' upwards. 

[If the Depth exceed about 1 5', the use of Bods would be impracticable. In this 
case the Double-Float is recommended, sunk as a general rule to | depth in each 
FloatConrse i isoe Ch. XFV, 18)]. 

8*. Ttmokeoper, A half-second's chronometer is best Next to thii (and nearly 
as good) a loud ticking dock (not ticking too quick for the ear to follow) 
with second's hand. Next a similar dock without second's hand, or dae a 
metronome. Next a stop-watch. 
Next probably (but much inferior) a simple seconds or half-second's pendu- 
lum. And last of all a common watch or clock provided with a second's hand. 

[The pendulum may be improvised with a bullet and string : its proper length 
must be found by comparison with a good watch or dock through ai least a 
minute'] • 

6*. Timing. The esseutid feature is that (to eliminate persond equation) 
the dmilar work at either Rope should be done by the same person, i. c, one 
person must ** call " at both Ropes, and another must " keep time " throughout 

7*. Length of Run. The better the Timekeeper, the shorter the n e ce s s a ry 
Length of Run ; and ettteris paribns the diorter the Run, the better. A 
80-foot Length suffices with a good Timekeeper $ a 200»foot Length would 
probably suit a oommon watch. 

8*. Good Iloats. The sole criteria are that a Float diould run ''free" and in 
''fair course". Irregularis of time in snocesdve Floats is no dramhach, 
but is to be expected. 

^. FieU-Book. None but " Good Floats " to be recorded. 

8. Bapid AppmimatioiU—AB to the course recommended when 
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time does not admit of Teloeity-measarements on many yerticale, (which is 
considered to be by far the besi Method,) aee Ch. XX, 29, where Central 
Mean Velocity-measurement repeated abont 50 times is proposed as an 
altematiye. 

[For a succinct expUmation of the process of DiBchaige^measiirement shore 
adTocsted (Art 1^7), jm the Author's Paper on Disdiaige of Canals, in Frafl. 
Papeii on Ind. Bngng., ToL Ylof 77, p. 28e» It is not thought necessary to recapi- 
talate the process in detsil heie]. 



END OF PART m. 



Digitized by VjOOQIC 



PA.RT IV. 



OHAPTBE XXIII. 
CURRBNT-METBR WORK. 

AtAiM.— Thii ObKfit&i ii sudnly an Aioocmikt of th* dlfflenltlei (Art.>— 4) foond in ttwintof 
OuRHife-lCitai, and alao of piropoaed impcormenta in them (Art. •— 1 !)• 

1. No systematic Experiment. — The work aotnally done with Cnr- 
rent-Meten in these Experiments can only be described as preliminary 
and tentative. In fact the tabaob (or experimental determination of 
the meaning of the graduations at different velocities) was not nnder- 
taken^ so that no systematic velocity-work conld be done. The Ganges 
Canal is not very favorable for the nse of Cnrrent-Meters from the fre- 
quent presence of bits of weed, and other flotsam in the stream. In the 
face of the uncertainties attending the nse of these Instmments (Art 8 
—8, xiii), and the strong disapproval expressed by snch experienced 
hydranlicians as Genl. Abbot (Art. 3, xii), the Author did not feel justi- 
fied in spending more time on them, when velocity-work with Floats 
was urgently required. 

Of all the trials made, very few have accordingly been made use of in 
the Discussions in this Work; a few will be found in Tab. LXXIV 
illustrating Unsteady Motion ; and a few are alluded to in this Chapter. 
For the purposes there required the lavage was not essential. 

This Chapter is only intended to discuss the objections to the use of 
these Instruments, and the improvements that might be effected both in 
the Instruments themselves and in the way of usiog them. 

2. OnrrentrMeters tried. — ^Three Current-Meters of different pattern 
were supplied for use on these Experiments, viz. — 

1^ Moofe» CwTeiU-MeUr, iee OIt. Engr.Iii8tProcg8.,Yol XLV,Paper Na 1481. 
2*. Ritry's CurretU-Meter, see R6tj Beport, p. 155. 

8*. BMrksB Current-Meter, similar to Elliott's Current-Meter (see Hadras Mannal 
of Hydraulics, 8rd Ed., Art 35). 
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A foil description of these Instroments will be found in the Works 
qnoted: as they were not used for anj continnons work, it seems un- 
necessary to give detail here. 

8. Olu'ections. — The following are the chief objections to Current- 
Meters of all sorts : — 

L Disturbance of the natural motion of the water, (caoaed by the presence of 
the Instniment itself, of its moontings, and of the boat from which it is 
worked.) 
ii. Uncertainty of orientation, 
iii. Uncertainty of position, (in some modes of nse.) 
iy. Uncertainty of gearing and ungearing, (in the ordinary nse.) 
T. Non-measnrement of " forward velocity ". 
tL Failure to work at or near the surface. 
▼il Failure at low velocities, 

viiL Delay involved in raising the Instrument to the surface to read. 
ix. Liahilifty to be choked by weeds. 
X. Invisibility when at work, 
zi Expense. 

xii. Delicacy, causing great liability to injury, 
xiii. Uncertainty of record. 
xiv. Faults of construction. 

Certain of these faults can be more or less got rid of by the following :—i 

1^ By the use of a special Current Meter-loft described in Art. 6, 7 : this 

removes almost entirely all the objections Nos. il, iii, iv, v, and to a great 

extent the disadvantages of Nos. i, x. 

2^. By the separation of the "recording works" as described in Art 10 : this 

improvement removes objections Nos. Iv and viii, and reduces Nos. i and x. 

Here follows detail of the aboye^ 

[To facilitate reference, the Articles discussing the several Objections i—xiv bear 
the same (subordinate) numbering, viz., i^xivj. 

8^ i. DI8IXTBBANCB OF WAT£B.— This is a fault inherent in all Fixed Instru- 
ments. Some Current-Meters are so bulky (Moore's is about 194* X 6* x H") ^ to 
cause considerable obstruction in the stream. 

The use of a boat or pontoon-raft from which to work the Instrument is a necessary 
evil in a wide channel (in the absence of a bridge) : if this boat or raft has to be 
moored by anchoring, the mooring apparatus is an additional obstruction. 

The mounting arrangements (for securing the vertical raising and lowering of the 
Instrument) form a further obstruction, and in some cases a very serious one. One 
illustration will suffice. 

iMmmtmg Oear, Rivys. The <* mounting " recommended in the B^vf Expts., (pp. 
17 and 158) for general use in depths exceeding 10', consists of an iron bar about 
11' X 8" X r to be suspended from the Observatory Baft in a horizontal position 
parallel to the current-axis by two ropes, by which it can be raised or lowered in such 
a way as to preserve its horizontality. The Current-Meter is attached a little below 
the up-stream end of this Bar. The ends of the Bar are to be connected by cords 

2 z 
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to two boats moored, one aboye and one below the Obsenratoiy-Raf t, at from 50 to 
100 yards distance from it This connexion with the moored boats may be so man- 
aged as to secure the approximate verticality of the two snspension-ropes daring the 
raising and lowering, and therefore also ensures the motion of the Gorrent-Meter in 
a tolerably Tertical line. This apparstas was fonnd qnite sncceaafnl in the R^ 
Experiments. 

The advantages are, howeyer, gained at the expense of introdncing a serious amount 
of obstmction into the water, yi2., the iron bar with certain appendages not detailed 
aboye, two snspension-ropes, two long connecting cords, and the moorings of three 
boats, two of which require double moorings. 

[It may perhaps be impossible to use Current-Meters in deep water without some 
such lowering apparatus as above ; in this case the obstmction introduced is a serious 
objection to the use of Current-Meters at all]. 

Altogether the obstruction caused by the Instrument itself, by its '' mountings '\ 
by its boat or raft, and by its moorings, is liable to be very great, and must greatly 
interfere with the trustworthiness of its indications. 

Sy ii. Umcebtaintt of obibntation.— All the Current-Meters known to the 
Author are supplied with a large ** Tail ", consisting cither of a single vane in a ver^ 
tical plane, or of a pair of vanes at right angles. 

In the former (which is the usual) construction, the Instrument is intended to be 
freely pivoted on a vertical axis, so as to be free to turn in a horizontal plane. In 
the latter construction (which is adopted for Moore's Current-Meter), the Instrument 
is intended to be freely pivoted, so as to be free to turn in all directions (in any 
plane). 

In either construction, the intention is to avoid the practical diiBculties of fixing 
tlic Instrument in direction by utilising the action of the " Tail ^ to secure the con- 
stant presentation of the blades of the fan to the stream. 

In consequence, however, of the Unsteady Motion of the water, the Instrument is 
kept constantly swaying about, following to some extent the variations (in direction) 
of the stream-lines passing it The Instrument does not of course change direction 
to the same extent as the individnal stream-lines, partly from the friction on its 
pivots, (which prevents its turning quite freely,) and partly from the partial neutral- 
ization of the pressures on opposite sides, the momentarily unbalanced portion of 
which is the sole cause of its diif ting at all. This momentaiy oscillation is similar 
to the oscillation of a Wind-vane. 

The Average of these momentary directions for any one point in a channel may be 
assumed as the Average direction of the stream at that point But there is no cer- 
tainty that this Average direction is necessarily parallel to the current-axis. In fact 
it is certain that at some parts of the stream the current sets one way, at some 
another. 

[This is known both from the Experiment of Ch. XVII, 14a, indicating surface- 
motion fiom the banks, (and consequently subsurface-motion towards the banks,) and 
also from (the Author^s preliminary) Experiments with Moore's Current-Meter^ 
which was found to take np various *< average directions" in different parts of th» 
channel differing very markedly from parallelism with the current-axis ; from the great 
size of the Instrument (19)" long), this was readily visible at depths not > 6 feet]. 

To sum up then, it may be said that- 
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"The 'orientadon' of a Corrent-Meter when effected by the action of its Tail 
18 ancertain in two ways :— 
1^ There is oscillation dne to the Unsteady Motion of the water. 
2°. The « Average Direction * at each point of a section may be different, and 
is unknown djfruni'*, 
8, iii. Uncertainty of Pobition.— This Taries very much with the mode of use : 
and is worst of course when the Inatrnmcnt is used with a free suspension without any 
vertical guys or guides. One illustration will snflSce— 

Use of Moore's Cwrreni-Meter. The directions supplied with the Instrument were 
that it was to be let down into the stream by means of a stout cord or light chain 
to the required depth. But when so let out it is of course at once carried down- 
stream by the current, so that the lowering chain no longer hangs vertically. This 
effect can be lessened, but by no means cured, by attaching a heavy weight to the 
Instrument, (thus increasing of course the obstruction caused.) 

In the Author's preliminaiy Experiments witii this Instrument, a lead weight of 
10 Bis. was always slung by a short chain a littie below the suspension-axis of the 
same : the whole mass was, however, always swept down-stream by the current, so that 
in the final position of relative equilibrium, the suspension-chain was always (as 
might be expected) in a markedly inclined position, and frequently (in consequence 
no doubt of transverse sub-currents) not even in a vertical plane parallel to the cumnt- 
axis. But as the poation-angle of the chain was unknown h priori^ and not easily 
measurable (at any rate under the water), the real position of the Instrument was 
also unknovn. Moreover, from the Unsteady Motion of the water, the Instrument 
kept constantly swaying both up and down, and from side to side. 

But this is by no means all : the '' starting action " was found to add very much 
to the uncertainty of position. The *' starting cord " of this Instrument is neces- 
sarily a stout one, as it has to relieve the suspension-chain during the time the Meter 
is ^ in action" of the whole weight of the Instrument and its appendages, and of the 
Current'pressure thereon ; so that it ought in fact to be as strong as the chain itself. 
A stout <* salmon-line " was used in these Experiments. 

This line must be kept decidedly slack when the Meter is not in action. The cur- 
rent-preseure on so stout a line throws the •* slack »* into festoons between the points 
of attachment of the line to the chain. The sudden tug needed to gather in all this 
"slack", and also start the Instrument with certainty with the requisite suddenness, 
(to admit of accurate timing,) was found to give the Instruments smart jerk upwards, 
after which it swayed about somewhat violently, so that the uncertainty of its posi- 
tion was much increased on first starting. 

This uncertainty of position (with free suspension) is quite analagous to the un- 
certainty as to the depth of immersion of the Sub-Float (Ch. IX, 8, vii) of the 
Double-Float 

[In the case of the Moore's Current-Meter used as above with free suspension, it 
seemed to the Author so great as to render this mode of using the Instrument quite 
useless]. 

This fault can be almost eliminated by the use of vertical guvs or guides confining 
the motion of the Instrument nearly to a vertical line. 

8, i V. Uncbrtainty op gearing. —The ordinary mode of gearing and ungearing 
the Instrument is by means of a light cord attached to the *' retaining spring " of the 
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, ad led op to tiie Obaorrcr'B hand. Tlof wpmg tmgki to be 
relaned qyUU $wddmdf at definite iiufcuitB leeoided faj a ehnmooKter. It is iapoe- 
■ible to laise the ipring with the leqnisitB soddeonen, imleB the ''gearing eoid *' be 
tant at the time, (so that there shall be no slack to take in at the critical moaienL) 
Bat it is impossible to presenre the cord tant daring the act of lowering the Instre- 
ment into the water, with anj of the ofdinarf modes of mounting : ao that the ad* 
jnstment of the " gearing cord " to the proper degree of tantness most be done afttr 
the Instrnment is in position. This is, howerer, a matter of some nicetr, as the 
''slack" of the cord has to be tsken in against both the cnrrent-pressore, and frictian 
on the rings or gnides thnmgh whidi it passes : in a swift stream the enrrent alwsyt 
exerts considerable pressnre on the cord, so that in taking in the " slack " there is 
risk of accidentallj gearing the Instrnment 

[With Moore's Cnrrent-Meter (when slang from a rope or diain according to the 
instmctions supplied with the Instrument) this risk is bj no means small ; it wu 
an accident of freqaent occurrence in the Author's preliminary trials. The risk wu 
afterwsrds a good deal lessened (but bj no means remoyed) bj changing the *■ re- 
taining spring " supplied with the Meter for a much stronger one, capable of beaxing 
better the original tenrion of the cord due to the current itself]. 

A similar unoertaintj attends the "ungearing " of the Instrument, which is not 
always effected at once bj the simple slackening of the ** gearing cord ". 

This uncertaintj is a verj serious fault, as it ikrows great doultontke vaiae of the 
indieoHant of the Instrument 

8, T. NOH-MKASUBEM EKT OF " FOBWABD YELOCITT *'wlt hss been explsinsd 
(Ol IV, 1) that the " forward Tclodtj" is much the most important in a hydnulie 
sense. But, from what precedes (Art. 8, ii) it will be seen that in the ordinary use, 
(i. e., when the orientation is effected bj the ''Tail-action ") the Instrument cannot 
measure " forward yelocit j ". In this use, it can only aim at measuring the— 

" Ayerago-Tclocity (estimated in the aTCiage directton of the Instrument's axis) 

of the mass of fluid particles passing", 
and it follows from Art 3, ii that this directum is imknown ^ priori^ but is certainly 
different in different parts of the channeL 

This fault is a Tery serious one in the utility of the Results, for it inTolves that— 
" The Besnlts are (at the best) reloclties in unknown directions, and cannot thero- 

fore be reduced to forward yelocities", ^ (1). 

A most important consequence follows in the application to Dischaige-messoie- 
ment: — 

" Discharge-measurements computed from Telocity-measurements with Cnnent- 

Meters whose orientation depends on their Tail-action are cateru paribmi always 

orer-estimated ", • •• • ^....•....•.•^••m (2). 

This fault can only be got rid of by fixing the Instrument rigidly in direction 
(parallel to the (Current- Axis) : this is unfortunately a matter of mnch difiBcalty 
(perhaps impossible) at great depths. 

8, tL Failure meab Subfacb.— It is obyions that the blades of the *' Fsn " 
must be completely immersed, so that the Instrument cannot measure Telocity at the 
eurface, nor at a depth below the surface less than the radius of the " Fan "• Thus 
this &ult increases with the sise of the " Fan ". It is increased also (in the abeenoe 
ckf a bridge) by theneoenity of use of a boat or pontoon, from the distorbanoe then- 



Digitized by VjOOQIC 



▲BT. d, Ti— 8, ziii. 357 

by earned in the water near the surf toe : eo that the action of the Initmment ia 
uncertain at all moderate depths (within the inflnence of the Boat). 

3f Tii* A certain amoont of force is required to overcome the friction of the work* 
ing parts : bo that with erery Current-Meter there is a certain minimnm yelodtj 
required to start and work the Fan ; yelocities less than this are not recorded at all. 

8, Tiii. Dblat in baisinq to bead.— In all the ordinary patterns the Instm- 
menthas to be brought to the surface every time it is to be read. This inTolves a 
great waste of time, and a good'deal of fatigue on the working Staff. In the Anther's 
experience this is a very serious practical fault 

8, iz. Choking bt weeds.— In a stream bearing even imaU bits of weeds, 
the Fan is very liable to be partially or even wholly clogged with weeds. In such a 
Btresm great waste of time may occur from this canse, as every Experiment in which 
weeds have clogged the Instrument should be rejected. But the presence even occa- 
sionally of weeds throws doubt on all Experiments in such a stream ; as it may 
readily happen that the action of the Fan might be temporarily clogged by passing 
weeds, without this being recognized. In fact the Instmment is quite unsnited for 
nse in a weed-bearing stream (unless arrangements can be made for rendering the 
presence of the weeds visible.) 

3, X. iNYisiBiLiTT AT WOBK.— The Instmment is of course quite invisible at 
all depths over a very few feet. This would be of little disadvantage in itself, were 
it not for the consequent difficulty in recognizing with certainty several of the faults 
above detailed, viz.-* 

** Uncertainty of orientation, of position, of gearing and ungearing, and lastly, 

choking by weeds *'. 

8, xi. Expense.— The cheapest of these Instmments known to the Author costs 
about AS, and they rauge at all prices certainly np to £12. These would not in 
themselves be prohibitory prices, if one or two Instmments would suffice, but some 
hydranlicians go so &r as to recommend simultaneous observations at many points of 
a Ooss-Section with a system of Meters. The expense of so laxge a stoek would 
then be very great 

I8ee Mr. Clemens Herschel's suggestions at p. 126 of Amem. Socy. Ciy, Engr. 
Trans., Vol. VH of May 1878]. 

3, xii. DELiCACT.^The delicacy of these Instruments will always be a great ob- 
jection to them. The Fan and the Recording Works are both decidedly delicate ; the 
former is very liable to injury from accidental blows, e.g,, contact with the bed, im- 
pact of drift, &c., and the latter are liable to injury from rust and silt This delicacy 
is a great objection on account of the difficulty and expense of repairs or renewal 

8, xiii. Uncbbtaintt of begobd. — ^The graduations of these Instmments are 
intended to indicate reoohiHans of the Fan, and when need in conjunction with a 
chronometer, the number of revolutions of the Fan per second can of course be at ones 
deduced. But this is all ; the velocity of the water passing can by no means be so 
readily inferred. In fact all modem Experiment shows that the " slip " of the screw 
varies not only in different Current-Meters, bnt even in the same Current-Meter, 
at different velocities, so that the tMiotfity 0/" <Ae wii^dr passing is lyno means pro- 
portUmal to ihs uumher of revolutions, bnt is eonnseted therewith ly some eomplsm 
relation^ which i$ at present certaMy unkntfwn h priori, and which can therefore 

* 8oDMBzp«i]Bntasooiisld«thlinlstlootoboUBMr,iOflM penMUo» dliptto, hTpvboUo sod 
eoos; w thai tbneia little sgreemflnt. 
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only be determined by a laborioiu series of experiments BepaxMiy for each MiMual 
Instmment (canied thionghoat the range of Telodties at which the Instrnment is 
tobensed). 

[This amounts to a great incanyenience, as no Instrnment can be used with any 
certainty until the value of its graduations has thus been specially determined by 
experiment (French << tarage ") : moreoTer, this preliminary experiment (tarage) ought 
undoubtedly to be done* with the Ifutrument fixed to the very Boat, and with the 
very Liftinff Gear to be subsequently used, as a change of either the Boat or Lifting 
Gear might cause a change in the ''tare" of the Instrumentl. 

Opinion af GenL Abbot, (Lake Uiver Beport of 70, 71, p. 621).~The (pinion 
of GenL H. Abbot (one of the Mississippi Experimenters) upon this point cannot 
fail to have great weight: he writes^ 

<'In my opinion, founded on a somewhat dose study of the subject, InatrnmentB 
of this daas are pretty toys, which have contributed more to retard the progress of 
disooyery in the science of river hydraulics than any other one cause. This is due 
principally to the fact that they register their results in a kind of cipher, to which 
we can by no means be sure that we possess the key. 

To translate a given number of revolutions of a submerged wheel into velocity 
per second, and by this means to detect laws whose existence is denoted only by 
difEerences of a few tenths of feet in this velocity, is so delicate an operation, that 
errors in the co-efficient have usually masked the laws." 

8y xiv. OONSTBUcnvB Faults.— These Listmments— as supplied from the 
makers-— have often various petty faults of construction, which amount sometimes to 
serious practical drawbacks. Among these may be mentioned— 

1^. Use of wong'handed screws. The Fan is in some instrumentsf screwed 
on to the end of the rotating axle by a screw-motion opposite to that produced by 
the current, so that the current-action actually tends to loosen the Fan and may even 
entirely unscrew it. 

[In the Author's practice, the Fan of a R6vy Current-Meter was lost while in 
actual use (under water), apparently solely in consequence of the current-action un- 
screwing the Fan off its bearings : thus a valuable Instmment was rendered useless]. 

2®. Complexity of reading dials. In Moore's Current-Meter there are fir^ 
reading dials ; these are enclosed (with the recording works) in a glass tube, which 
is always dripping wet when the readings are made : only a small portion of each 
dial is visible, as they partly hide each other : alternate dials read oppoate ways^ 
(i.0.y some with, some against, the sun). The risk of mistake in reading is in 
consequence— when many readings have to be made in a long day's work— very 
considerable. 

4. Velocity-measxurement.— Sapposing the ^< tarage" of the Inaira- 
ment to Have been effected (Art. 8, xiii), the qaestion arises as to what 
is the nature of the velocity-measurement made. From the fact of the 
Instmment having to be mn through a certain interval of time to furnish 

* To gl78 oonfldenoe in the Bemlts, a oertilioato that this has been carried ont ooght always to be 
appended to erery Beport on Bxperlmente with Current-Meters. The neoessity of this hae hitherto 
been overlooked in general. 

4 The Sapdt. of the RoorkM Workshops reports that this was the common construotion ia the 
BUiott'sConcnt-lCeters fonnerly imported (to India) from lEngland. 
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its indications, it is clear that it cannot measure the actual vblooity of 
the flnid passing it, but only the — 

*< ATerage of the velocities of the flnid particles passing within the giyen tune'S 
and these velocities thus averaged will be either — 

1% Total velocities ; 2% Total horizontal velocities ; 8^ f'orward velocities, 
according to the mode of mounting the Instrument as explained in 
Art. 8, V. 

Thus the velocity-measurements made are in fact Avbragb-Vbloci- 
TIBS of one of the kinds above described : and, provided the mounting bo 
such as to yield " Forward Velocities ", the Besult obtained (when the 
Instrument is ran long enough to eliminate the effect of Unsteady Mo- 
tion) will be of the mast practically useful kind, viz., the Avbbagb Fob- 
ward Vblocity. 

[Thns the Besnlt patsible to be obtained (nnder the most favorable sirangements) 
is more immediately nsefnl than that given by nae of (single) Floatsl. 

5. Preliminary Experiments.— A great many prelimmary trials 
were made by the Author both with the Boorkee Current-Meter fixed 
to the end of a pole, and with Moore's Current-Meter slung from a chain 
(as directed in the printed Instructions supplied by the maker), but the 
Results were not satisfactory. The Meters were tried by running them 
for half-minute and either one-and-a-half or five-minute intervals in 
succession at same depth : the Results were rarely accordant. Part of 
the discordance is obviously due to the Unsteady Motion of the water, 
but if this cannot be eliminated by running the Meter for so long a 
period as five minutes, there is little advantage in their use in preference 
to Floats. The uncertainty of gearing and ungearing the Moore's Cur- 
rent-Meter appeared excessive. 

Oat of the faults above detailed, Nos. ii to v (viz.. Uncertainty of 
orientation, of depth, of gearing and ungearing, and non-measurement of 
forward velocity) appeared to the Author so serious as to render the 
employment of Current-Meters (in any way subject thereto) simply useless. 

6. Oorrent-Meter Lift, (PL LI).— The Apparatus figured in PI. LI 

was designed by the Author* to secure the following advantages :— 

2°. Certainty of orientation of the Meter parallel to the cnrrent-axis. 
d^. Certainty of position (depth) of the Meter. 
4*. Certain^ of gearing and ungearing. 
5^ Measurement of ** forward velocity "• 

* The detaib of the Design are due to the Snperlntendent of the Boorkoe Worlnhopa (Mr. Angofl 
Campbell), who Undly undertook the oooBtmction from the Author's rough directioaii 
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TThe nnmbering (2^—6^) oomsponds to Che numbering of the Faults (Noi. ii— r 
of Art 8) hereby obTiatedJ. 
Certain minor adyantages also ensned, thas :~^ 
L The certainty of orientation enabled the large Tail to be dispensed* with 
(this being required only to preserye the orientation of the Axis), thns 
reducing the disturbance of the water by the Instrument, (Fault No. i). 
iL The removal of Faults Nos. ii^iv reduces the disadrantage of the InTisi- 
bility of the Instrument when at work (Fault Na x). 
The Lift consisted essentially only of a long Lift-Bar (B), to the foot 
(S) of which the Corrent-Meters were fixed, capable of freely sliding (ver- 
tically) op and down inside a Quide-piece (G) fixed on a Stand npon the 
platform of a Pontoon-Raft; a stoat wire {w) connected with the Car-* 
rent-Meter Check Spring, working inside a grooye in the Bar, aeryed as 
a yery efficient Qearing Apparatus. 

DetaiUd Description. The parts of the Apparatus will be described 
in following order :— Guide-piece, Stand, Wft-Bar, Current- Meter At- 
tachment, Gearing arrangement, Lower Clutch. 

6a. Ouide-pieee and Siand.^Tht Guide-piece (G) consisted (^JF%g, 1, 6), dmply of 
2 sheet-iron cheek-pieces each 27* xSTxi" rirettcd and bolted respectiTely on to a 
back-piece and front-piece (/ ), each of 1* x 4* bar-iron and 27^ long, forming a 
«« Guide " 27" long and of nearly 8^ X J* sectional aperture, (inside which the Lift- 
Bar slid up and down.) The front-piece (/ ) was made removable by the handle h 
IFig, 1), BO as to admit of ready insertion or removal of the Lift-Bar. This Guide- 
piece was fixed (rivetted) upon the Stand at a height of 38* above the pontoon-plat- 
form. The Stand consisted of 4 angle-iron Legs splayed outwards like the 4 edges 
of a pyramid, rivetted at the feet to two angle-iron Foot-pieces (Pig. 2, 8) which thus 
preserved the lateral splay correct The Foot-pieces were bolted on to the Pontoon- 
pUtform. A curved rod-iron Distance-piece D {Fig. 2, 8), between the front Legs of 
the Stand prevented the cheeks of the Guide-piece from springing open when the 
front-piece (/) was removed. 

6b. I^ftBar.^The lift-Bar B {Figi. 1, 2, 6—8) was a 8* X f bar-iron, and 
was provided with a toothed rack (r) at ito back extending from the head to within a 
few inches of the foot (9). At the foot a socket (9) was formed for attachment of 
the Current-Meters. Into this rack (r) worked a small pinion (not visible in the draw- 
ings) fixed near the foot of the Guide-Piece by means of the handle (H) and crank- 
wheel (P). By this rack and pinion the Lift-Bar could be slowly and steadily raised 
and lowered in a vertical position. A Ratchet (R), which could be raised by the 
Lever (I, Fig, 1), served both to retdn the Lift-Bar in any desired position, and also 
to prevent the sudden fall of the Lift-Bar in case of the pinion handle (H) escapmg 
from the hands of the men working it when in the act of raising or lowering. A 
stout wire with aT-head (T in Figs. 1, 2) screwed into the head of the Lift-Bar ad- 
mitted of the depression of the Lift-Bar entirely within the Guide-piece ; the T-head 
prevented the Lift-Bar Back escaping below the range of the pinion. 

* TheMoon'sOane&t-MeterdiownaitDiiM(atM)inPl.LIwmbe seen to be only IS' long: 
thto to in oonieqaflnce of the removal of ita TaU» (the tnU length l)eing IS*. ) 
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Three of these Lift-BAn 7'), lO'i, and 16' long were provided for nee in different 
depths of water. 

6o. Graduation of Lift-Bar.^The depth of immersion of the Garrent-Meter 
was seen by noting where the water>sarface cat the Lift-Bar. To this end the Lift- 
Bar was marked with gradaationa of whole feet, the lowest mark (1 foot) being 6' 
above the end of the Bar, or 12* above the Axis of the Carrent-Meter (f^^ next Art.)* 
The teeth of the Rack served as minor graduations (tee Fig. 5). 

[The depth of immersion could not of coarse be determined verj accurately (pro- 
bablj not nearer than '05 of a fool), partlj on account of the difficulty of seeing the 
water^snrfaoe distinctly through the opening (A) in the platform, partly on accouut 
of the rash of water roand the Lift-Bar due to the obstruction caused by it But 
this inaccaracy is inherent in the ose of the Carrent-Meter itself, being present in 
all systems o^ mounting]. 

6d. Cwrrent'Mettr AttackmenU.-^'EYtTy Carrent-Meter to be nsed with this 
Lift had to be famished with a special Foot (F in Fig. 1), fitting into the Socket 
(8) for attachment to the Lift-Bar, and also with a special Union-Link (not shown in 
the drawings) for connecting the long Gearing Wire (w) with the Gearing or Check* 
Spring of the Carrent-Meter. These Feet were designed so that in every case the 
Carrent-Meter Axis should be held in a horitontal position, parallel to the flat side 
oj the Lift 3ar, and at a depth of 6' below the end of the Loft-Bar, and also so 
that the special Union-Link should be nearly vertical. 
[It was a matter of some nicety of workmanship securing all these points at once]. 
Thus, when the alignment of the Pontoon-Raft was correct, the Current- Meter 
Axis was kept eonstantly horitontal, parallel to the Current Axie^ and at a known 
depth, (so far as the Unsteadiness of the Fontoon-Kaf t would allow), thus securing 
the advantages Nos. 2^, 3o, &^ set forth above. 

fie* Gearing Arrangement.^Th\% consisted of a long Gearing Wire (v in Fige, 
5, 7, 8) Y thick, connected with the Current<*Meter Check-Spring by the special 
Union-Link, worked by the Gearing Lever L, ( Figs 1, 2, 6). The Gearing Wire was 
contained within a groove sunk in the front edge {Figs. 5, 8) of the Lift-Bar, and was 
retained therein by Bridges {h in Fig. 7) of sheet brass, placed across tho groove, and 
countersunk within the Lift-Bar so as not to interfere with its passage through the 
Guide-piece. The upper end {t) was bent round {Fig» 1) so as to prevent the Gearing 
Wire falling into the groove (when the Instrument was detached). 

After attachment of a Current-Meter, the weight of the Gearing Wire rested— so 
long as the Meter was not in action— upon the Union-Link, and through it on the 
Meter itself. In this state the Current-Meter was lowered into the water through 
the opening (A in Pigs, 8, 4). There was only a small amount of play between the 
gearing attachments, so that a very slight motion (about }*) of the Gearing Wire 
sufficed to raise and depress the Current- Meter Check-Spring. To enable this to be 
done conveniently, a series of small holes (o in Fig. 7) were bored in the Gearing 
Wire. A special Gearing Lever (L) was provided fitted with a damp (Q in Fig*. 2^7) 
for fixing it on to the Lift Bar. After the Current-Meter had been lowered into 
the water to the desired depth, the Gearing Lever L was screwed on to the Lift- 
Bar with its nose inserted into one of the holes (0) in the Gearing Wire at any part 
of the Lift-Bar that happened to be convenient (as at L in Figs, 1, 2). In this 
position a slight motion of the handle (L) sufficed to raise and depress the Gearing 

8 A 
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862 CHAP. XXIIf.— CUBREMT-MBTKB WORK. 

Wire, and with it of conrse the Carrent-Meter Check-Spring. With a little practice 
this motion of gearing and angearing ooald be done with great oertaintf. 

6f. Lower Clutch,^To steady the vibration of the Lift-Bar when the Corrent- 
Meter was in the water, a sort of Clutch (shown in Figt. 1, 2, 3, 4) was provided upon 
the Pontoon-platform, consisting of two cheeks (C) mounted on slides which could 
be screwed up close together by the screw t worked by the crank •wheel c, so as to 
enclose and loosely grip the lift- Bar, thus giving an additional point d'appui at the 
level of the platform. 

The Clutch could be opened out by the screws « to the full width of the opening 
( A ) in the platform to let the Current-Meter pass through. Thus, when the Current- 
Meter was in the water, the Lift-Bar was gripped thronghout 27' of its leugth by the 
long Guide-piece, and 33" lower down by the Clutch. 

7. Improved Lift. — The Apparatas as actaally constructed was by 
no means a complete success. From want of experience, (there being 
no description of such an Apparatus available,) the Design itself was 
faulty in some points, and for a similar reason (want of a pattern, and of 
experience of such work) the workmanship and fitting together of the 
working parts were imperfect. 

I^The chief fault of Design was the weight and nnwieldiness of the longest (16*) 
Lift-Bar : this made it awkward to handle, and gave rise to very unpleasant vibration 
in a high wind when the Bar was fully raised for reading the Current-Meter (at 
which time about 13' in length projected unsupported above the Guide-piece). The 
weight of the Lift-Bar could be reduced in any future Design by making it either of 
smaller scantling, or else in form of a hollow (rectangular) tube : the vibration when 
fully lifted could be reduced by providing a taller Stand with an extra Guide-piece 
overhead. 

The want of good fitting caused an excessive amount of friction in the working 
parts : so much so that it required considerable exertion on the part of two men to 
work the pinion used for raising and lowering the Lift-Bar. The use of brass or 
gnn-metal (instead of iron) in the cheeks of the Guide-piece and Clutch would be a 
decided improvement in reducing the friction : and the substitution of a wheel and 
pinion instead of the simple pinion would reduce the exertion of raising and lowering. 
A great advantage could be gained by counterpoising the Lift-Bar, as this would 
reduce the exertion of raising it to that of overcoming the friction, and would enable 
both raising and lowering to be done with equal care, and with far greater steadiness 
than was possible with the uncounterpoised Bars. The use of a counterpoise would 
involve of conrse a great increase in height of the Stand, as the counterpoise-pulley 
wonld have to be placed above the extreme range of the longest Lift-Bar. 

The fitting of the Gearing Wire was also by no means as good as could be wished, 
and involved some " humouring " in working it. This could be improved by making 
the Gearing Wire fit into its groove pretty closely, so as to allow no lateral play (as 
this causes some uncertainty in working the Gearing Lever) ; and the Wire itself 
should probably be made of brass. Partial counterpoising of the Gearing Wire wonld 
also be an improvement, as it wonld throw less work on the Gearing Lever. 
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The additions snggested would be a great improYement to the Appara- 
tus ; but great nicety of workmanship would obviously be required, (greater 
probably than could be expected at the present day from a Workshop in 
Northern India,) and the expense* would be greatly increased. 

8. Beep water Lift.— It is clear that the use of a Lift of pattern 
here described is — at any rate when used from a Baft — ^limited to depths 
not exceeding 12' or 15', in consequence of the great height to which the 
Lift-Bar would rise when fully raised, (this height. — abo7e water — being 
at least 8' more than the depth of water.) In deeper water therefore, 
some other (and less perfect) mode of mounting is unavoidable. 

[In deep water the R^vy method — iee Art 8, i aboye— seems probably as good as 
can be arraDged. It has the adrantage of enabling the Meter to be so fixed as to 
record <* forward yelocity", an advantage not possessed by most other modes {e,g.^ 
those Dsed in the Lake Sirert and Gonnecticnt]: Experiments).] 

9. Besults with the CaERBNT-MBTBR LiFT.^-From various causes, 
such as pressure of more important work, &c., very little use could be 
made of the Lift before the Experiments were brought to a close by order 
of Government. Enough was, however, done with it to show that, even 
with the somewhat imperfect Design and Workmanship unavoidable in 
a first attempt, it secured sufficiently the important objects (Art. 6) 
which it was designed to meet, and to render it certain that with the 
improvements suggested, and with better construction, it would have 
secured them very efficiently. So that the first object of its construction 
may he said to have been attained. 

Moreover, when the Current-Meters were worked with this Lift, there 
was often a fair accordance between the Besults obtained by running the 
Meter through half-minute and one-and-a-half or five-minute intervals 
in succession, leading to the belief that when worked with a favorable 
mounting (such as this Lift), the effects of Unsteady Motion of the 
water could probably be eliminated by using five-minute Buns. The 
amount of Experiment available was unfortunately not enough to estab- 
lish this with certainty. As the '' tarage *' of the Instruments had not 
been effected, it is not thought worth while publishing the details. 

• The Appmtos ai aotoally made up oott Es. S68 (or atxmt £87) Inelndlng the special attaohmeata 
for S Cnrrent-M eten, bnt ensIniiTe of the Pontoon-Eaf t. 
t Likke EiTer Report of 1869, p. W6, and Vtaoklin Inst. Journal, Vol. LVII of 1M9, p. S09. 
X Conneetloot Eeport of 1878, p. 807. 
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10. Improved Ounent-Heter.— Observing that a Current-Meter con- 
sists essentially of two parts, viz., the Fast which receives the impulse 
of the water, and the Rboobding WohKs which simply serve to record 
the revolutions of the Fan, and that the latter are commonly the balk- 
iest part of the Instrument, a very great improvement might obviously 
be effected by simply separating* the Eecording Works altogether 
from the Fan, and placing thom above water in any place convenient to 
the Observer. The connexion between them should be electrical, and 
should be of such a kind that every revolution of the Fan should be 
followed (or copied so to speak) by a revolving index above water : there 
would thus be no necessity for gearing or ungearing ; every motion of 
the Fan would be '< copied " by the visible index, so that every passage 
of the " index '* past a fixed point might be timed by chronometer, (or, if 
too quick for the eye to follow easily, a train of wheels might be intro- 
duced to reduce the speed of the index to a rate convenient to the eye.) 

The advantages gained by this alteration would be^ 

1^ A great redaction of the bulk of the sabmerged portion of the Inrtrament, 

with conseqaent reduced distorbance of the natural motion of the water. 
4^ Bemoval of the ancertainties of gearing and ungearing* 
7^. Reduction of the resistance to the motion of the screw by the remoral of * 
the recording works (the resistance of the recording works being exchanged 
for the far smaller work of making and breaking an electric contact), and 
consequent redaction of the ** slip " of the screw, thus making the Instra* 
ment far mure delicate. 
8^ The saving of the delay of lifting the Instrument out of the water to read. 
10^. The placing of the *' copying index " in a position always visible to the Ob- 
server, thus removing many of the disadvantages of the invisibility of the 
Instrument. 
[The numbering (1^ 4°, 7*, 8^ 10^ corresponds to the numbering of the Faults 
(Art 8) hereby obviated]. 

The advantages in fact of this improved form appear so great, that it 
seems that it should supersede every other form : there is of course the 
little additional practical difficulty of preserving the electrical arrange* 
ments in good order, but this is believed to be a small matter. 

11* Lift for Improved Heter.^To secure the advantages of certain^ of 
orientation, certainty of position, and measurement of '* forward Telocity", some sort 

• iBPtmments of the kind here deeoribed were used in the American Lake River end Conneoticat 
Bzperlmente, and are said to have {iven aatUfaoUon ; m« Franklin Init. Jounal, Vol. VII oC '99, 
^S07,<lMv.; LakeBiTerneportof'69,p.M5,«<«<ff.iandOomieoticataepQClof'78,p.SOB. 
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of Liyr rimiUur to that abore described would still be neoesiaiy, bat a siinpler (and 

therefore cheaper) form woald 9a£Sce, thns— 

1^ The InstrameDt, not reqalriog to bo lifted for reading, need only bo lifted 
jnst free of the water, i, «., just high enough to enable it to be detached from the 
lift-Bar. The Lower Clutch might accordingly be dispensed with, and the Guide- 
piece might be carried down to within about 8' or 10' of the water ; this would 
give increased steadiness to the Lift-Bar when immersed in the stream. There 
woald thus also be less vibration in the Lift-Bar when folly lifted, as it would 
not be lifted so high as in the other case. 
y. The Gearing Arrangements woald be nnneceiaary. 
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CHAPTEE XXIV. 
SILT. 

Pr^aee^ThiB Chapter oontaina u Aoooont of the mode of Bilt Colleotion (Art. 2'-4b) and Hifci- 
mation (Art. 4o-«) with Diaoaodon of the Reenlti (Art. 7—11). The most important Articles ax* 
Alt. 8c 90. 

1. Object of Silt-OoUection.— The collections of Bilt detailed in this 
Chapter were made with the yiew of tracing the connexion if any be- 
tween the qaantity of Silt carried and the Telocity, as well as of simply 
estimating the Total Quantity of Silt carried by the Ganges Canal. 

2. Silt-Tnbe, (^^- lO, Pi. XXI V).— The Instrnmeat* used for collecting Bamplen 
of rilt-laden water was a sheet brass Tube of 2" internal diameter, and 12' length ; 
and therefore of capacity of 87*7 cub. in. per fL of length, and abont 452| cub. in, 
in all. One end (F)— which will for shortness be called the Foot— was provided 
with a moTeable, doee-fitting brass lid (L) working on a hinge, and famished with 
a powerful spring (S). The spring was so adjusted as to retain the lid open in 
almost any desired position (tee Figure), exerting then only slight pressure on it 
BO that a Tery slight blow sufficed to close the lid when open : but once shut, the lid, 
was acted on by the spring with full power, which was sufficient to keep the lid closed 
and almost watertight when the Tube was full of water, even if held upright. The 
other end (H}~which will for shortness be called the Head— of the Tube was open. 

The use of the Tube was to collect a specimen of all etraia of the water from sur- 
face to bed at one operation. Thus on being lowered vertically into a stream, foot 
downwards and mouth open, the water kept rising in the Tube as it was lowered : 
the slight blow of contact with the bed sufficed to close the lid, thereby enclosing a 
specimen of all the strata of the water from the surface to the bed. 

3. Field-work. — This will be described nnder the heads — 
(a), Silt-Tube Handling ; (ft), Silt-Tube Emptying. 

Sa« Silt-Tube, Hatulling,— When a collection of silt-laden water was to be made, 
the Silt-Tube was first rinsed out thoroughly until quite free from dust or silt, after 
which the Lid at the foot was set to ** half-cock *' as shown in Plate ; the Tube was 
then ready for use. 

The Tube was lowered, when in use, from the side of a boat which was allowed to 

* Thli Inrtmme&t wu made over for nee on theee BxperimeDts from the Boorkee Workdiope, 
whereithadkinindepoeltslnoe the oloeareof the Bsperlmonts projected in I866-S7 1^ the late 
Lleiit..Col.J.07M,B.B. 
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Jloatjrt^ dow^i^'^trMm along any deaiied line (osnally one of fhe Sonnding-Connes), 
the alignment being preaeryed in the same way as in the process of Sounding (Ch. 
V, 17) daring the whole time the Tabe was being lowered, so as to rednce the enr- 
rent-pressnre on the Tabe to a minimam. 

[The first trials (No. 1, 2 of Tab. LXXXIV) were done from a moored boatt hat 
the carrrenfc-pressore in the swift stream was so great as to make the Tnbe almost 
unmanageable]. 

The Tabe was lowered slowly, (so as to let the water rise gradnally inside it,) 
foot downwards, lid half open and pointing down-stream, in as upright a position as 
possible, until the lid touched the bed : a very slight blow sufficed to close the lid, 
thereby enclosing a specimen of the water from surface to bed. 

The spring caused the lid to close so sharply, as to be immediately felt by the man 
handling the Tube : he thereupon relaxed his hold, and the boat was brought to a 
standstill by tow ropes worked from the banks: the current immediately raised the 
foot of the Tube off the bed, and it was hauled in an inclined position into the boat 
by means of a rope attached to it about f rds of the way down, (which also served to 
prevent the total loss of the Instrument in case of its slipping out of the hand of the 
man handling it,) one of the men of the party closing the open head of the Tube 
temporarily with his hand so as to prerent escape of the enclosed water until re- 
quired. 

[The handling of this long (12') Tube in a deep rapid stream was found to be 
such hard work, that it had always to be done by one of the European Overseers]. 

Sb. Silt'Tubey Emptying.— 'The Tube was next held with its head over a large 
zinc funnel ; and gently tilted so as to discharge its contents into the funnel, and 
thence into a large glass bottle. The lid was then opened, and the Tube well rinsed 
out with some of the water just discharged from it, no freth water being added, until 
no signs of silt were visible inside it The bottle was then closed with a glass stopper 
or good cork, and sent to office. 

[Great care was taken to avoid spilling any of the contained water : it was not of 
course possible to prevent this altogether, there being frequently a trifling leakage 
from imperfect closure both at the head and foot 

On the other hand there was also an unavoidable trifling drainage of water from 

the outside of the dripping Tube into the collecting funnel The quantity of water 

collected in the Tube (being 2* diameter) was, however, so great, that it is believed 

that these two sources of error in the quantity collected were quite trifling]. 

4. Silt BeductiolL^^bo '^^^ operations will be described under the heads,— 

(a), Measurement of water ; (5), Separation of silt ; (o). Estimation of silt 

4a. Water MEASUBEHBNT.—The silt-laden water contained in the large glass 

bottle was allowed to settle for a day or two in office, after which the whole of the 

upper portion was quietly decanted with a glass siphon into one or more glass mea« 

Bures, leaving a stratum of about S* depth of water containing nearly all the silt 

This remainder was violenty shaken up and thrown into another glass measure. In 

this way— there having been no loss by evaporation— the whole volume of water 

collected was measured. 

[This quantity was nearly always somewhat less than the quantity collected should 
have been, calculated from the known depth of water at Site of collection and dia« 
meter (2*) of the Silt-Tube. This is explained in Art da]. 
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4b« Sn«T Sbpaiutiov.— After neMarement as above of the quantity of flnid 

collected, the large glass collecting bottle (which still contained some adherent silt) 
was rinsed oat several times with some of the nearly clear water first drawn off into 
the measure last used, so that all the silt was thus collected into one measure in « 
small qaantity of water. 

Thef^ilt was next separated from the water by passing through a ''filter" of 
ordinary filtering pn()er (as ased in chemical laboratories) ; the last portions of silt 
adherent to the glass vessel were removed by careful washing with a ** wash-bottle " : 
thus the whole of the Silt was finally collected on the filter paper : it was then 
left to dry, and after drying carefully packed away to await the next process of 
weighment 

[The filtration was a very tedions process, sometimes occnpying nearly the whole 
of the working houn of one day ; requiring freqaent attention moreover the whole 
time to enable the filtration to be carried through in a day, especially in the dry hot 
weather ; as if the " filter " once dried (as it often did. if left for the night) before 
the filtration was finished, its pores became clogged, after which the filtration became 
intolerably slow. Occasionally a ** filter " broke during the filtration, thos involving 
s second filtration through a sound ".filter "]. 

4o. Silt Estimation. ^Before being taken into use, every *< filter" was dried 
in a ** water-bath ", and then weighed (whilst hot) in a good chemical balance (by 
Oertling). This weight (say F) was then noted on it in pencil. 

After collection of the silt upon a "filUr", the filter with its included silt was 
again dried in a water-bath, and then weighed (whilst hot) in the same balance. 
Call this new weight (F+S). Then the weight of silt present was found as the 
difference between tluise two results, t. 0., S = (F •!> S) - F. The weighing was 
carried to the hundredth of a grain. 

[This process of weighment* was of course very laborious. The amonnt of silk 
to be weighed was often so small (sometimes only -^ grain — see Tab. LXXXIV, 
No. 21), that this care seemed requisite; the filter paper is so hygroscopic that it 
was thought necessary to do the weighments at the definite temperature given by ft 
water-bath ; this precaution was ospecially needed in the rainy scasonl. 

5. Silt-Density, (9). — This term will be used for shorlness to express 
the density of aggregation of the Silt in the water (not the density of 
the silt itself,) and it will be measured in grains per cubic foot, and de- 
noted by V. Thus — 

SiLT-DsNSiTTy (9) = Average Number of grains of silt in a cubic foot of 

water, ^ (!)• 

The actual amounts of Silt and Water in each sample are shown in 

the Tables LXXXIV, LXXXY ia grains and cubic inches respectirely, 

BO that the Silt- Density as abo7e defined is obviously to be computed as— 

—. ^ . ,. -.^xA ^ Weiirht of silt snmple (in grains) ,a^ 

8ilt.Den.Uy. (a) = 1728 X Volnu.eot water ,a,n,.le (in cubic inche.) ' ^'>- 

* The weighment wm at fint kindly nnderuken by Dr. Murray Thomson, Profoaaor of Eiperl- 
mental Sdvnos in theThomason C. S. College : at the work IncreMOd, it was taken np hy the Aathor 
himself « the College Laboratory Inatmments heing made atailable /or the work. 
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From the mode of collection, (the Silfc-Tabe stretching from the snr* 

face to the bed,) it is clear that the quantity o> thas obtained is really the— 

'^ Ayerage Silt-Density in the vertical of collection", , (8). 

5a* Form of Results. — Writers are by no means agreed as to the best form of 
presenting the Resnits, nor even as to the most convenient nnits of mcasare in which 
to express them. The Silt-Dbmsity is in general nae, but expressed in Tarions 
nnits as shown below-^ 



TiTLB OF Work. 



Page of 
Original. 


Tear 
of Bxpert. 


144, 145 
187, 188 
140, 141 


184S-4G 

1851-58 

1858 


142-148 


Tarions 


? 


1866-61 


20,el teq. 


1864 


27-29 


1877-78 


[129] 


pnb. 1876 
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1876-79 



Ukits. 



Bilt. 



Water. 



Mississippi Report, ••• 
Mississippi Report, ... 
Missisbippi Report, ... 

Mississippi Report, . . • 

Bojal Asiatic Socy. Journal, 
Vol. XX, Parts 3, 4, 

Indas Silt Experiments,] 
in Frofl. Papers on Ind. [ 
Engnp., Vol. II,Nos. LIU, ? 

Lx:xxiii, J 

Hydraulics of Irrawaddi, .. 

Hydranlie Statldtica, 
Jackson, D. A., 

Roorkee Hydranlie Experts., 



n grains in 1 pint. 

ft grammes in 600 gtammea. 

n grains in 1 cub. ft. 
[ 1 part in n parts by weight. 
[ „ „ „ Tolnme, 

n parts in 10,000 by weight 

1 grain in n grains. 

' n grammes in 100 grammes. 
[ n grammes in 10,000 grammes. 

: n parts in 100,000 by bnlk. 
: n parts in 100,000 by weight 
n grains in 1 cnb. ft 



The error liable to expressing the Silt volumetrieally has been well shown in the 
Mississippi Report, p. 143. 

The form of presenting the present Resnits (in grains per cnb. ft.) adopted for this 
Work has been chosen chiefly on account of tho ease with which the 1'otal Silt* 
BiSGHABGB can be computed from it. 

[Exception has, however, been taken* to the use of the above quantity SiLT^DsK- 
SITT as being a totally unsuitable quantity for (x>mparison with the velocity of the 
current The objector considers that tho Total Silt-Discharge (per second), is the 
proper quantity to be used (m0 p. 4 of his pamphlet) in this comparison. It will 
suffice to say here that the reasoning given cannot be upheld, and has been disposed 
of thy Genl. Abbot]. 

6. Silt- Velocity, and -Discharge.— With the following notation :— 
H = Depth on any vertical whose abscissa is y, in feet. 
U = Mean Velocity past that vertical, in feet per $ee. 
9 z=z Average Silt*density on that vertical, in graine per c, ft, 

• Van Hortnmd'i ICaga., Vol. XIX for 8«pr« 1878, Review of the Pbyiioi and ETdxauUci of tha 
If Madppl River, by J. B. Sadfl. 
t In Mmfl Maga., Vol. XX, No, OXXI, for Jasy. 1879. 

8 B 
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« s= Aterige R«to of fUft pMriog that Tertkal, in graim(p^ tq. ft) pmr u§, 
B S3 SaperflciAl Diiehaiga past that yertical, in 9q.ft per see. 
B = Qaantitj of silt passing that yertical, in grains (per ft, of width) per Me, 
g ESS Total Qaantitj of silt passing thioogh the cross-section, in Ibs,^ per gee. 
The qnantitieB «, S, S estimated as above in weight-vnite per B$amd 
are conveniently styled by the following short terms :— 
g = Mean Silt-Telocity past the yertical, (this corresponds to U). 
S = Silt-Discharge past the vertical, (this corresponds to D). 
S = Total Silt-Dischargey (this corresponds to D) 
Thns it will be seen that each velocity-term and symbol as U, D, D 
has its corresponding silt- term and -symbol, viz., s, 8, S. Then it is 
clear that— 

t = <r.U, Ss<r.D,or tf.HU, ,.^5..... (4), 

and that the Total Bilt-Dischaige (S) should he found hy the same Rulee 
ae used for computing D (Ch. XIX), eubstitnting 8 in place of D 
throDghont. 

When snfficient data are not available for the above (clearly the 
proper mode of computation), a very rongh approximation to the Total 
Silt-Discharge may be made as follows :— 

Approz. Total Silt-Discharge (S) = Central Silt-Density X Total ChihicDis* 

charge ^9o.D> • ••••... « (5> 

It is clear that, in order to secure the best results, the Silt-collection 
and velocity-work ought — ^in consequence of the Unsteady Motion of 
the water — to be done simultaneously upon each particular vertical, and 
that for the last rough Besult (Eq. (5)), the Silt-Collection ought to be 
made about the middle of the velocity*work from which D is computed. 
7* Sites and Verticals. — The Silt- collections were made at four of the 
Experimental Sites, viz., at the SoUni Embankment Main Bite, SoUnf 
Twin Aqueduct Sites, and Belra Sites, and chiefly on ike central verticals 
of those Sites. 

8. Transverse Silt-Oarves, (Tab. LXXXIII & PI. L.)— It is ob- 
vious that Transverse Curves showing the distribution of silt through a 
cross-section— or shortly Transverse Silt-Curves — ^may be formed by 
plotting the quantities a, s, as ordinates to the corresponding absdssss 
(measured on the Base-Transversal) : also, if these Curves be super- 
posed upon the Mean Velocity Curve, — formed by plotting the Mean 
Velocities (IT) past the same verticals as ordinates to the same abscissae 

• Tht^tel SUt-Diacharg« (8) I« k> Uffg* a namber nhea reekonid In gnlu that it Is man eon* 
^•Bintly cxprMMd is (ayotrdapois) pooudi per seeoad. 
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(moMiind on the nme Bafe-TransTenal)— the relation of the Silt 
to the Telocity at different parts of a Gross-Section would be ex- 
hibited. 

ga* FiBliD-woBK of Art. 8*— With the view of tiacisg out the aboTe, a Set of 
8ilt-coUectiont were made on two occasions in a good manj of the nsnal Float-Connes, 
once at the SoUnf Embankment Main Site, and once in the SolinI Right Aqnedact ; 
the whole of the collections at one Site being made as rapidly as possible one after the 
other. The collection in each Float-Course was stored separate, and reduced sepa- 
lately, so that the Average Silt-Density («) was thus found for each Float-Conrse. 

[The labor— both of collection in the field, and of redaction in offloe— of so 
many separate collections was so Tsiy great, that the Experiment was not thought 
wortii repeating. Among other difficulties it was impossible to obtain any number 
of large glass bottles (large enough to hold a Tube fnll of water), so that a great 
nunber of small bottles had to be used ; this was very inconvenient. The making 
the Silt-CoUection and Mean Velocity-Measorement sioiultaneoutly for each vertical 
was impossible with the available Staff (only two Observers) : the labor of the Silt- 
eollection was, however, so great, that the velocity-work could not be done even on 
the same day], 

8b* Tab. LXjlajiI and Pl. L.— No velocity-work having been done along with 
these Silt-Collections, it was necessary— both for exhibiting the superposed Velodfy- 
and Silt-Curves, and also for computing the Silt-velocities («) and Silt-Discharges 
(S) past each vertical— to bring forward the Avenge Velocities from Series 111, 
and 153, 154 (combined) of veloeify-work done at nearly same water-level as the 
sUt-work. 

The Results, viz., the Rod-velocities (a), and the Silt-densities (9), and Silt-veloci- 
ties («) past each vertical are shown on Tab. LYXXTTT and PL L. The Table 
shows also the corresponding Cubic Discharge (D)> Total Sllt-Dischaige (8), (com- 
puted as in Art 6,) and resulting Hean Silt-Density (&), and Mean Silt-velocity (7). 

80. DiBOUSSlON.— The Diagran&s (PL L) show the Results at a glance. It can- 
not be said that there is any correspondence between either of the curves of Silt 
(vis., of 9, i) and that of Velocity («). There is a marked ooirespondenoe between 
the two 8ili*Cnrves (those of 9, «) ; but no Conclusions can be drawn from this, 
because this correspondence is due simply to the fact that the values « are the product 
of the two factors 9, «, whereof « varies but littie right across the channel, whereas 9 
varies greatiy and abmptiy, so that the Curve of $ necessarily follows that of « to 
a great extent The only Conclusion possible is that as far as the available data 
(only two Curves) go,— 

"There is no obvious connexion between the Velocity and Silt-Density at 
different parts ox a Site ,......«m......... • •••.••m.««......m«.....*.......m....*.(6/« 

A probable explanation of this Result seems to be that on both the days the 
Silt-Collections were made, the water was not nearly ftUly charged, and that the great 
and inegnlar variations of Silt-Density firom one part of the channel to another are 
doe to the irregular motion of the water, whereby the Silt-Density in any one verti- 
cal is liable to vary a good deal from instant to instant That such variations do 
occur from instant to instant at any one spot can be readily seen by the eye, rapid 
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yariatioiis in its cloudiness being qnite obrions (at any one spot) whenerer the water 
is moderately tnrbid. 

It woald seem then that jnst as the Unsteady Motion of the water renders it necessary 
to obtain Averago Velocity Results for interoomparison, so there is probably also 
an Unsteadiness of Silt-Density, in consequence of which Arerage Silt-Densities 
should be sought for comparison with each other and with Average Velocities. 

[If this be really the case, it will be little use attempting to pursue the subject, as 
the labor of the Silt-Collections will probably practically prevent Averages being 
obtained]. 

9. Central Silt-Densities, (a^y-^Bj far the greater nnmber of the Silt- 
Collections were made on the Central Vertical only, at following Bites :— 
7 at the Solanf Left Aqueduct, 17 at the SoUnf Right Aqueduct, 
49 at the Belra Site. 

The details are given in Tab. LXXXIV, LXXXV. The Central 
Bilt-Densities (ao) and Approximate Total 8ilt-Discharges (S) were 
found as explained ia Art. 5, 6, (see Result (5)). 

Sa- SOLANI Sites, (Tab. LXXXIV*).— This Table shows both the actual quan- 
tity of water collected in the Silt-Tube, and also the quantity that might have heen 
expected^ computed by multiplying the cross-section area of thef Tube by its immersed 
length iattumed to bo the same as the Average Depth on the vertical). The differ- 
ence between these^(always Loss except in Na 86)— gives an idea of the difficulty 
of handling the Silt-Tube. 

[The collections Nos. 1, 2 were made from a moored boat (Art 8a) ; the rest 
were all made with the boat freely floating. The lioss in the first mode will be seen, 
to be very large, whilst in the second mode it was usually small : the improvement 
is very marked. Observe that some *< Loss " is to be expected, because the Sill-Tube 
was closed by the spring when it first touched the bed, t. e,, before the mouth of the 
Tube actually reached Uie bed. No deduction has been made for this in computing 
the expected quantity]. 

The " expected quantity " on the rough bed of the Embankment Main Site is 
necessarily somewhat conjectural, being computed from the Average Depth (H) in 
the Sounding-Course, whereas the Silt-Tube was closed by its spring touching the 
actual bed sometimes in a rise, sometimes in a hollow ; the actual collection might 
oven exceed the *' expected quantity " in the latter case (as indeed happened once, ut 
No. 86). 

From want of sufficient Staff, the Silt-Collections at these Sites could not be done 
in general in connexion with the velocity- work of Discharge-measurements. In 
calculating the Total Silt-Discharges (S)» it has accordingly been necessary to obtain 
the Cubic Discharges (J)) by interpolation from Abstr. Tab. 14* 15* 

9b. Belra Site, (Tab. LXXXV}.— A Silt-collection was made^ on the central 

• Thli Table also contains details for other vettloals (Ait. 8a) as wall as for the central wtiosU 
t Sometloies two Tabefols wers ooUeoted: in this case the **ezpeoted qnantity"hasof eonne 

heen oompated as for two Tabes. 
t Most of these SUt-ooUections were made by if r< <}• Eeniy, a few only In Jaanaiy t^ Seigt. 

Forten. 



Digitized by VjOOQIC 




vertical at this Site once a day (with one exception^ vis., on 10-1-79), along^ 
{i,e.f just before or after) one of the Discharge-measurements, the Staff haying been 
specially increased, (see Ch. XXI, 9d.) 

The Total Silt-Discharges (S) at Uiis Site hare accordingly been computed from 
better data than the preceding, the two factors (^q, D) having been in each case 
obtained in concert. 

The data and Results of the Silt-Collections have also been arranged (Tab. LXXXT) 
in Series correBpondiog Sei hy Set with those of the velocity-work, (Ser. 201—206, 
Tab. L, LI). 

9c. Discussion.— The most striking feature of both Tab. LXXXIV, LXXXY, 
bnt especially of Tab. LXXXV, is the extreme yariability of the Silt-Density and 
-Discharge with trifling variations of depth and velocity. 

The only (Jonclosion possible seems to be that — 
'<The Silt-Density (and therefore also Silt-Discharge) do not appear to depend 

sensibly on either the depth or velocity", (7), 

and if they do so depend, then it is clear that there mast be other far more efficient 
causes at work capable of wholly masking sach dependence. It is well known that a 
current is eapahle of carrying a quantity of Silt increasiog with increase of velocity : 
but it by no means follows that increase of velocity is necessarily accompanied with 
increase or decrease of Silt-Density, as for this to take place involves the existence 
of a very loose bed always ready to give up Silt as the Telocity increases. 

Now the Ganges Canal is fed from the Ganges at a point where the water varies 
from great clearness to great turbidity at different seasons, and also receives the 
drainage of several hill torrents — (at various points from the Head-works down to 
Dhanaurf)— which run only after heavy rain, and are then always heavily silt-laden. 

But the depth and qnantity of water passing through any Beach of the Canal are 
regulated chiefly according to the requirements for irrigation, without any reference 
to the amount of Silt in the water admitted into the Canal, either from the Ganges 
or from the drainage-inlets. It seems probable then that— 

" The Silt-Density and -Discharge in the Ganges Canal depend chiefly on the 

quantity of Silt present in the Supply* admitted into the Canal 'V (8). 

The above is confirmed by examiniog the state of the Silt-Density at the SoUnf 
Aqueduct in Tab. LXXXIV ; being there arranged hy order of date, it is easy to 
examine the seasonal change of the Silt-Density, and it is at once seen that at this 
Site the Silt-Density is least in the cold weather months, October to March, (when 
the Ganges is low,) and greatest in the height of the rainy season, August and Sep* 
tember (when the Ganges is in flood). 

[A single exception to this, vb., a very large Silt-Density in the month of January 
(No. 24 of Table) is probably due to a heavy flood from the cold weather rains]. 

The Experiments at Belra, lasting only from January to March, do not of course 
suffice to show any seasonal change. The yariations at this Site are, however, ex- 
treme, and appear to be only accountable by freshets of drainage water. 

10. Silt at different Sites.— The amonnt of Silt contained in the 
Canal water is extremely different at different points of its length, as is 

• <.«., Supply from aU sonoep* both from the River Qanges, and from the hiU tonenti. 
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evident from the foUowiog Teblef of Silt-Deaiitias from 12 lamplea of 
water taken on $anu day — 
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It woald seem from the above that*- 

*<The Silt-Denntj increases pietty steadily with incnaae of distance from the 
Head-works both in th^ Main Canal and Branches", ^.....-(9). 

The Bed-slope of the Canal decreases with the distance from the 
Head«work8| so that the Canal should deposit silt (in consequence of 
the decrease of velocity) rather than take up more. The increase of 
Silt can only be ascribed either to increased friability of the soil in the 
lower Beaches, or else to the state of turbidity of the drainage-water 
admitted into the Canal on the day of the Experiment, increasing with 
tbe distance from the Head-works. 

11. Silt* Quality. — The samples of Silt taken near Boorkee appearf 

to be — 

** Chiefly micaoeons sand, with a little day (probably of recent origin, deriTSd 
from disintegration of felspathic rocks)) and traces of iron and lime". 

12. General Ooneliision8.-*In face of these Conclusions, it seems 
that a Canal subject to great variation in the amount of Silt admitted 
into it is unsuitable for Experiment on the connexion between silt and 
velocity. 

This is a disappointing Conclusion, .as the amount of labor expended 
on the 90 Silt-Collections (and Beductions) here reported was very great 



• from Information tamldiad bj Dr. Mnmj Thomioii, who mate 
ooUMtfoni mppUfld to him by the CaniQ Staff In 1 164. 
frommprntol Dr. Iloiiaf ThMMon, to whom nTKat mmplm wen 
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OHAPTEB XXV. 
EVAPORATION. 



ArfAKf*— TUf Chapter oontaltu an AoooiuA of tli« mode of MMaawmit of th« iTBponitSoii 
from the Caaal-fu rf aoo (Art U-4b), and of the teapwrntore ot tbe water ( Art. S—M> witli Blaooa* 
alon of aeralte (Art 6—10), The moat important Artlolea are the Dlacitaiion, Art. 8— 10, 

1. Evaporation from Canals — An attempt was made to measure the 
Eyaporation from the surface qf the Canal itself near Boorkee at end of 
1876, and was carried on continnonslj, with occasional intermptions, uitil 
the close of the Field-work in April 1879. 

The question is one of considerable practical iaterest^ as from the im- 
mense surface of the Main Canal) of its Branches, and Distributaries, 
exposed to the long continued dry weather, and to the hot winds of Up* 
per India, it was supposed that the Eraporation would be rery large. 

2. Conditions for Evapometer.-*The heating effects both of the sun 
and of the hot winds on any yessel exposed to them are so great, that it 
seemed essential that the yessel to be used as an EvAPOMBTia should be 
floating in the Canal water, so as to be Irq>t at the temperature of the body 
of the Canal by the continuous flow of the water past it. 

In consequence also of the ever-yarying level of the water in the 
Canal, it was absolutely necessary that the Eyapometer should be fi^ly 
floatmg in such a way as to be quite free to rise and fall with the changes 
of the Canal. 

[These Ezperimeats were made at the sngxwtion of, and were initiated by» Dr. 
M array Thomson, to whom also the design of the Brtpometer described below is 
due. They were simply cirried oat by the Hydranlio Experimeats' Staff from 
inttmctiona soppUed bj him. Similar Szperiments had been tried by him some years 
before ; bat want of boats had prerented the ETspometer being properly moored 
(Art ea) in the free ehannel]. 

8. Byapometer, (PL XXIY, 11).— The complete Instrument con- 
sisted of the following parts, which will be described in order :— 

(a), Eyapometer-Pan ; (5), Bplash-board ; (e), Float-Frame. 

Sa. EyAPOMSTSB-PAH.— This coDsiBted essentially of a sqoare pan (or open 
box) of stoat sheet sine 12' X 1^ in pUm, and ^^ deep, stiffened by a stoat wire 

•ThedipthhMbMa Ineomctlr dMwn (both drawn and flgiired) aa ir is the Beratfoa in PI. 
zxiy.n. 
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beading nmniog all round the npper edge } and with foor atont iron eyes (A) at tbe 
fonr npper comen for hooking on the lifting chain. 

Tvro Strips of thin sheet zinc («) with scales (similar to thoae of a common leTel* 
ling sUS) painted on them were fixed inside the Pan at the middle of two opposite 
aides. The zeros of these scales were on the flat bottom of the pan, so that the depth 
of water in the Fan conld be read directly on the scales. 

[These scales were at first dirided to y^ of a foot ; these were afterwards changed 
for scales divided to -^jf of an inch : the published Besnlts are all reduced to inches]. 

Sh. SPLASH-BOARD.^When floating in a rapid stream, the Pan (made up aa 
above) was fonnd to dash about so much, (in consequence of the necessity of mooring 
it,) that it became absolutely necessary to provide a raited freeboard for it, partly 
to prevent its actually ducking nnder, partly to prevent spray being blown into it 
by the wind. This was done by attaching a sort of square funnel 10* deep above 
the square pan, exposing an opening of 30* X 30' at the top, and sloping down on 
all four sides to the upper edge of the Pan, {gee sketch.) This arrangement was 
fonnd a sufficient protection from spray driven by the wind. 

3o, Float-Frame. — ^To enable the Apparatus to float in the water, a stont 
wooden frame (like a picture-frame) was made up of four wooden bars each SO'' long 
by 3** X 3' scantling, lapped across one another so as to leave a central opening a little 
more than 12' x 12^ into which the Evapometer fitted easily. The buoyancy of this 
frame was increased by the addition of four closed air cylinders (C) of sheet-sine, 
each 12' long by 3' diameter, which were fixed underneath the wooden frame aa 
^own in sketch. A stout iron ring (R) was fixed at one comer of the frame for the 
attachment of the mooring chain. 

4. Use of Evapometer.— When abont to be need, the Pan was first thotonghly 
cleaned inside ; and then, after being placed on as level a spot as could be found, 
water (taken from the Canal itself) was poured in to abont 6* depth. The actual 
depth of water was then read on hdh tcalet hy the same Olserver as accurately 
as possible : water was added or taken away nntil the mean reading on the two 
scales was very nearly 6*. 

The Pan was then lifted with a light pair of shears and tackle, and carefully lower- 
ed down into its final position inside the Float-Frame, which had been previously 
floated in the water, and brought close up on purpose. The lifting tackle being then 
detached, the apparatus was let go in the stream, and finally moored by a long rope or 
chain. The water-snrface inside the Pan when thus floating in position was abont 2* 
below* the free surface of the water in which it floated. 

It was then left to itself in the Canal a sufficient time (abont a week) to admit of a 
measurable amonnt of loss by evaporation taking place. After this, at any time that 
was convenient, the Apparatus was brought to bank, and the Pan was carefully lifted 
out of the Float-Frame with the help of the shears, and deposited again on as level a 
spot as conld be found *, the actual depth of water remaining in the Pan was then 
read again as accurately as possible on both eealet by the tame Obterver, 

The difference between the Means of the scale-depths in the Pan at the beginning 
and end of the Experiment was considered to be the— 

** Apparent Loss by Evaporation in the period (diminiahed by rainfall or dew) *\ 

* This was of coons an ol^eotion: the two lorfsoes should have beta on ssias level. 
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l^IntroduetUm rf Stfncf.— A small amount of dnst or sand was often fonnd in the 
Pan on withdrawal from the water, having been blown in apparently by the frequent 
high winds. The presence of this foreign matter wonld of course slightly raise the 
water-level to be measured at the end of the Experiment, and j^ro tanto diminish the 
apparent Loss by Eyapoxation]. 

4ft. 8oal&-reading8 inaOOnrate.— "^le transparency of the water, and the 
irregular capillary action between the water and the surfaces of the scales prevented a 
veiy dear definition of the plane of the water-surface upon the scales. This want of 
good definition, coupled with the considerable distance of the reader's eye (about 25*) 
from the part of the scale in question, prevented the scale-readings from being as 
accurate as could be desired. To prevent introduction of personal equation effects » 
(which are likely to be comparatively large in this sort of observation), it was made a 
rule that the readings at beginning and end of the Experiment should be taken hy 
the same Obtener, 

On the whole, it is considered that the readings cannot be depended much closer 
that the ^th of an inch. To prevent the chance of inaccuracy in the readings 
masking Uie quantity sought, it was thought desirable to leave the Pan in the Canal 
for about a week, to admit of the accumulation of the Loss by Evaporation to about i". 

[It is not very obvious how the accuracy of direct scale-readings could have been 
increased without having the Fan made partly of glass with the scales engraved 
thereon, so that the eye oould be applied directly to the scales as with a graduated 
glass measure : or else by the use of some sort of cathetometer applied from the 
inside]. 

4b. Imper/eet UveUnent—ln order that the scale-readings should really show the 
depth of water in the Pan, the bottom of the Fan should of course have been truly 
level at the time of reading. The means adopted of securing this — simply placing 
the Fan on as level a spot as could be found^was of course imperfect. It would have 
been a decided improvement to have provided a level masonry bed on which to place 
the Pan at time of reading. It was thought, however, that the provision of the two 
scales on opposite sides of the Pan, supplied a sufficient correction for the slight in- 
accuracy of levelment 

4c. Improved Measurement. — It was suggested to the Author that 
the amount of water at beginning and end of the Experiment should be 
ascertained either by weighment, or by measurement in a special gra- 
duated vessel. 

4c» ^' Weiffhment—The chief objection to weighment was its expense : involving 
the provision of a good balance weighing up to 40 lbs. (the water alone weighing 
81 i lbs.), and also of a weighing house to enable the weighment to be done in a high 
wind ; but it has also uncertainties and inconveniences of its own. Small uncertain- 
ties are introduced by the unknown weight of the film of water adherent to all parts 
of the Pan just before insertion (the remains of washing it out), and adherent to the 
immersed parts outside just after withdrawal. 

On withdrawal of the Pan from the water, there was frequently a small quantity 
of dust or sand at the bottom, (sometimes amounting to perhaps 1 os.,) blown in of 
course by high winds ; the separation and separate weighment of this would have 
been troublesome. 

3 c 
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4e> ii* AtiOiuremerU.-'Thii aeemed « more hopefal method. A tpeeial measur- 
ing TMsel was prepared of cast-zinc of nearly half a cubic foot capacity, tapering np 
near the top to a rertical cylindric tube of 14*4 sq. in. sectional area, so that a fall 
of i\| inch in the Erapometer Fan (which was 144 sq. in. in plan) oonesponded 
to a fall of 1 inch in this tube. The water-level in this Tube was to be read on the 
gradaated stem of a Float, like that of a rain-gange. There aeems no donbt that 
this arrangement would hare been pretty successful (although it has some obJectiooB 
of its own) ; it was not made up, however, until so late a period of the Experiments 
that it was thought better to continue the existing mode of scale-reading (so as to 
preserve nnif ormity in the mode of reading throughout the whole period) : and it was 
accordingly never introduced. 

5. Ttoperatare. — The maximum and minimnm iemperatare of the 
water itself daring the period of each Experiment are elements of con* 
Biderable intereet, as they of coarse greatly modify the Evf^ration. 
TTnfortanately the attempt to measnre it was foand to inrolye consider- 
able risk to the thermometers. In conseqaence of the varying state of 
the Canal water-level, a fixed thermometer conld have been of little ase, 
unless deeply immersed, (as it wonld be otherwise liable to be left high 
and dry by a fall of the water) : on the whole it seemed best to attach 
the thermometer to the Evapometer itself, so as to rise and fall with it. 

Sa. Firgt trial—The first attempt was made at the end of 1876, t.^^ soon after 
the Evaporation Experiments were started. A maximum thermometer was simply laid 
flat inside the Evapometer-Pan, intended to be read on withdrawal of the F$n, 
Unfortunately the Evapometer-Pan got loose (by some acddent) soon after the Ex- 
periment was started, and was lost for some weeks ; and when found (30 miles lower 
down, after passing over four Falls), the thermometer was of course missing. In 
consequence of the discouragement resulting from this mishap, no further systematic 
temperature-measurement was tried till 1878. 

5b. Second trial— In April 1878 another attempt was made. A m a xim u m 
thermometer was attached (in such a way that it could be removed for reading) to the 
side (t€6 T in PL XXIV, 11) of the wooden frame-work of the Float-Frame, so as 
to be always about 1' below the water-surface when in use. 

This thermometer was read twice in each Experiment, so as to furnish— 
1*. The actual temperature of the water at beginning of the Experiment 
2^. The maximum temperature of the water during the Experiment 

This thermometer also was lost after this arrangement had been started some 
weeks : altogether only four complete observations were obtained from it l$ee TaU 
LXXXVI). 

6o« PasoAunoNS keobssabt.— >The reading of the thermometer as above (t.tf., 
for water-temperature) requires some special precaution, especially in the hot wea* 
ther, in consequence of the great excess of temperature of the air (in which the 
nadings take pkee) over the water. 

1^ To read the aetuai Umperature^ the thermometer must be kept plunged for 
some time in the water to acquire the water temperature. On removal from 
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the water it most be reed immediately; for if there ie theleeet dry wind 
moTiDg, the eyaporation from the dripping bulb ie so rapid at fir$t as to 
depress the mercury rapidly (sometimes 2* in the meie art of lifting from the 
water to the eye) : when this effect is past, the meKoiy rises rapidly in con- 
saqnenoe of the excess of heat of the air. 
S^ The same difficulty might obviously occnr as to reading the miniwimm 
tmperatmrt, if the actual temperature of the water was close to the mini, 
mnmat the time of reading: as on first lifting out of the water the minimum 
index would be rapidly dq>re80ed from the same cause as above. 
8*. In <* setting" the maximum thermometer similar precautions must be ob- 
served : the thermometer must first be plunged, in the water long enough to 
acquire the water-temperature. It may then be removed, and is conyeniently 
« set " in the open air whilst the mercury is in the Umporary etate <^ de^ 
preuion above noticed. 
It migbt be supposed that some of these inconveniences might be got rid of by 
reading the thermometers under the water : this is unfortunately a difficult thing to 
do from a boat which is moored in a rapid current 

fid. Thermometric Results. — The meaflnremente of the water-temper- 
ature, though few in number, are very raluable in clearly showing the 
unuiual coldness of the watetj the maximum temperature registered 
being 75^^ at a time when the mazimmn in the air was* probably 113*5^ 
in the shade and 172^ in the sun. 

6. Experimental Sites.— The Evaporation Experiments were neces- 
aarily condacted at Sites easily aocesaible to the Experimente* Staflf in 
the ordinary course of their regular work. They were accordingly made 
at the following Sites :-^ 

Soldni Aqueduetf from Novr. *76 to Deer. 78, and in April 79, 
Kamhera Site, from Jany. to March 79. 

6a- SOLANI Aqueduct.— In a navigable Canal— like the Main Ganges Canal— 
aadkin the neighborhood of a town (as Koorkee), it is by no means easy to find a 
Site, at which such an Instrument as an Evapometer could be safely left for days 
together, in a position free from risk of bdng injured by passing craft, or of beine 
wilfully tampered with. ^ 

In the present case the Instrument was moored to the tail of the Central Pier of the 
Sol&nl Aqueduct (PL II, 8) by a rope or chain long enough (about 20' long) to let 
the Pan swim freely clear of the backwater of the Pier itself : the weight of the 
ehain was psrtly supported on a special wooden Float near the Pan, so as to prevent 
ite tending to dmg the Pan under. 

[This position was a very good one : the Pier itself protected the Instrument 
almost entirely from risk of injury from passing craft, and being at mid-channel it 
could not easily be tampered with by passers by on the bank. In fact, in consequence 
of the swiftnesaof the current, it could only have been reached (without the aid of 
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« boat) by an expert Bwimmer. On one oocasioa a bullet bole was fomid in it, and 
this was the only occasion on which it was known to have boon tampered ioith], 

6b. Vaueity of Beimlte. — Notwithstanding that the Experiment was kept np ai 
far as possible oontinnonsly, only 27 Results were obtained (toe Tab. LXXXVI) 
daring the two yean* (NoTr. 76 to end of 1878) work at the 8ol&nf Aqoednct This 
is acoonnted for as follows :— 

In the first place there were three breaks within the period, via.— 
1^ Two months ( Janiy. and Febry. 77} stoppage in oonseqnence of tiie Ion of 

the Instmment from its moorings in December 76. 
2^. Four months stoppage in the rainy season of 1877. 
8". Fonr months steppage in the rainy season of 1878. 

This reduces the period of actnai work (to end of 1878 from 35 months to 15 monthSy 
or about 456 days ; on reference to the Table, however, it will be seen that the Instru- 
ment was ^iparently actually in the water only 280 days $ or about half the total 
possible time. 

The remaining half of the time was simply lost in abortive Experiment The 
chief causes of loss in this way were rain and wind. Thus, the area of the mouth 
of the funnel sloped splash-board being 6i times that of the Pan, the slightest 
shower completely masked the whole Evaporation-Loss, and a moderate shower would 
sink the Instrument outright Such slight showers were sometimes of veiy frequent 
occurrence. A high wind would also sometimes submerge the Instrument In this 
way the Results of reiy many Experiments were lost 

[An attempt was made in April 1878 to prevent the total loss of the Results caused 
by elight showers by placing a Rain-Gauge on the Central Pier of the Aqueduct 
close to the moorings of the Evapometer, so as to obtain a measure of the actual rain* 
fall dose by the latter. The Rain-Gauge was the common one* of Fleming*s pattern, 
fitted with an additional funnel-reoeiver of four times the area of the usual funnel- 
mouth of the Instrument so as to be four times as delicate. The Rain*Gange did 
not prove of much use after all : slight rainfalls were registered in it on only two 
occasions, (Nos. 20 and 25 of Tab. LXXXVI) ; these have been added as ** corvee- 
tious *' to the actual Loss in the Evapometer. All other Results at this Site known 
to be affected by rain have been eimply r^eeted as worthless. 

This loss from rain could not have been wholly prevented except by remoiing 
the Instrument into shelter whenever rain was imminent This would have involved 
the presence of at least two meaalways on the spot : the situation (at the SoUni Aque* 
duct) however would not conveniently admit of this, and it was not thought worth 
while to incur the expense]. 

Qo, Kamhbra. SrrB.^The Instrument was simply loosely moored at mid-channel 
of the Anupehahr Branch Canal, a litte way below the Eamhera Discharge Site, 
(PL VI). This (Tanal not being open for navigation at the time, the Instrument 
was free from risk from passing craft : the camp of the petty Establishment moreover 
was formed at the Discharge Site, so that there was very little risk of the Instrument 
being disturbed by passers by. 

[This Site was in fact chosen in preference to the Behra and Jaoli Sites, at which 
work was gcnng on at same time (Ch. XXI, 9), in consequence of its freedom from 

• largely used in the !¥• W. P. dCIndia under the name of tbe " Btrenao Board pattern **• 
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fiak to tin loaCmmeiit The pnsenoe of the petty EBtablUhmeiit eamp on tiie spot 
immenaely increased the nomber of sacoessfnl Experiments : for whenever rain was 
imminent the Pan wuremoved under $hdter, and thos the principal source of loss of 
Dbserratioiis was remored]. 

7. BesnltBy Tabulation, (Tab. LXXXYI).— The Besolts tre shown 
in the Table : the headings of the Colnnms are in general snflSciently ex- 
pUnatoiy. 

In the case of the Experiments at the SoUnf Aqnedact, certam meteoro- 
logical data hare been giren (obtained from the Thomason O.E. College 
Meteorological Observatory, about 1 mile distant), as being likely to 
throw some light on the caiftes of increased or decreased Eyaporation. 
These are— * 

1^ Mean Temperatttret obtained as the arithmetic mean of the mazimnm and 

minim nm in the shade. 
2^. Mean Humidify^ obtained as the arithmetic mean of the *< hnmidity " com- 
puted from the 10 A.M. and 4 pjc. obBer7ation& 
S^. Wind, Prevailmg DireeHon, obtained simply by inspection of the directions 

recorded at 10 A.M. and 4 p.m. : this is of course a rery rough process. 
4*. Wind Vehciijft (in miles per day) : obtained by dividing the total mileage 
of wind during each experimental period by tiie number of days of the 
period. 
The aboye are of conrse yery rongh data: bat more accurate results 
could only have been got with great labor, and the increased aconraoy 
would haye been of no practical use. 

8. Disenssion* — ^The most striking feature in these Results is the 
very tmaU amount of the daily Evaporation, together with the extraor- 
dinary fact that it does not appear to be very much greater in the hottest 
months of the year (May and June) when a scorching hot wind is blowiqg 
during great part of the day. 

8a« ^^ aeeeaUm of wa(«r.— The amount of Evaporation Ib so small as to throw 
at firit iighi some doubt on the sufBcient conectness of the mode of use of the 
Evapometer. The only obvious source of undue reduction of the measured Loss by 
Evaporation is the possible accidental intraduoUon of water flrom without into the 
Evapometer. This might occur through any of the following causes :— 

PyLeakage; 2°, Spray driven by the wind ; 8°,IUuifall; 4°,HeavyDews 
^, Tampering with the Instrument 
The evidence against their occurrence is chiefly negative :— 
P. . Leahtge. It may be pretty confidentiy asserted that Leakage did not occur ; 
as the presence of sny ledc, however small, would certainly have led to the 
Fan filling and sinking outright in the number of days covered by each 
Experiment. 
2^. Spray driven ly the wind. This seems a likely cause of introduction of 
water from witiiont The raised funnel-shaped edges of the Fan were 
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mtoidedtopiotoetUftomtiiUilmtitifl bjaometiis entain tint tiiqrdid 
do 80 MiffieienUy. In a high wind the Fas wis often TMenUj agitetod 0a 
oonaeqiiniee of being moored in a swift stnam) ; and it ia qnite poanbk 
that spray was occasionally blown in. The best endenee againat thia oeeor* 
renee (or in iayor of the snfficient protection of the Fan) is thtt ■ pxdnding 
cases where rain was known to have fallen— only one case occoned (No. 18) 
of more water being fonnd in the Fan on remoTal from the Canal than was 
originally placed in. If the protection from spray was insofficient, it would 
seem that this case should hare occurred frequently. 
8^. BaU^ali. It has been esplained(Art 6b) that a very small ahower iroold 
suffice to mask the ETapomtion-LQas : but, from the way in whidk this dif* 
ficulty waa met {us Art 6b,c), it seems cAtain that rainfall does not sensiUy 
affect the published Results. 
4*. Heavy Dew, The mode of experiment obviously only really shows the ex- 
oess of eyaporation over condensation of dew : and it is just possible that 
the latter might even exceed the former, causing thereby an apparent gain 
in the Evapometer-Fan. Only one such case of apparent gain in the Pan 
(No. 18 of Table) occurred during the Experiments : as this occuired in a 
season of heavy dew at nighty it is quite probable that this abnormal Besnlt 
is a cotiect one. 
[This Result (apparent gain in the Evapometer) is by no means unknown in ihe 

(colder climate) of England, eee Civ. Engr. Inst Frocgs., Vol XLV of 1876, p. 27]. 
5*. Tampering. The situation of the Evapometer at both Sites has been ex- 
plained (Art 6b,c) to have been such as to render any tampering with it 
decidedly difficult : so that this also must be rejected. 
On the whole then the Results may be looked on as n^ unduig reimaed Ig aeeL- 

denial introduetion qf water from without, and must therefore be accepted as snb* 

stantially correct 

8b. Othbb Bbsults. — The Results are certainly very small (in no 
case exceeding *d7'^ per day) when compared with the eraporation re- 
corded for other places in India. Bat the fact is that in most of these 
cases the evaporation recorded is that from a smcdl Evapometer on dry 
landj the water in which is therefore liable to he superheated. 

Tank JSvaporation. The Bvi^pomtion from (an Evapometer floating on) a large 
s^ water^surface is known to be much less than from a small vessel on land ; as 
witness the loUowiag* Results :— 

At Red EiU, Madras, 
Mean daily evaporation April to August, '874* from tank, *469' on the land. 
Mean temperature of water in same period, 81^ in tank, B3P on land. 

Jiiver JEvaporatUm, Again, from the American Lake River Experts., (Report of 
'70^71, pp. 570—678,) it appears that the Evaporation from (an Ev^xmieter floating 

• by Mr. ladlow, gooted is AanalM dM Pontt et Ghsintteii, Vol. ZYm, 1819, pp. SII-SS7, 
sad Jadomi*! ladJaa UtUaalhgfotl SUaJUOca, WS, pp. (41), (4S}, 
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o») tho rarfwe of a Bim is niiiAUy mneh 1«m tlift& from « tiaUl Tend on lai^ 
Men in Abstract below— 



BYAPOBATIOH* 



From riy<er < from land, 
From river > from land, 



St. Clair BiTor. 



NiaganRlTor, 



47 cases. 

5 esses, (SatnighU all sanOl. 



90< 

SQes8BB»(iraftiiighil,) aUsnslL 



The fmr esses in whicb the riyer evaporaftion was the Isiger are all small in 
amount, (so that a small error would largely affect them.) It is corioiis that these 
cases occurred chiefly at night ; the probable explanation of this is that the land is 
liable to more rapid cooling at night Uian the river. 

8o« SvapameUr not Mup»ksaied,-^To test the effieieoej of the mode of floata- 
tion of the Pan in preyenting undue heating of the water within it, the following 
temperstores were observed at a verg hoi seaitm :— 
JkkUn-b-'ll, 7VfK0 2-80 PJf. 

At Tall of SoUni r Temperature of water in Bvapometer 60*. 

Aqueduct, X „ „ in Canal|.. ....••• ^ •••m...... 65*. 

At the Thomason C. B. College r Temperature of the air, in shade;, ...lOfi*. 
Meteorological Observatory, JMax. „ „ „ ...106*. 

[about 1 mile distant], I Max. „ „ in the sun, 166'. 

This shows sufficiently that the water in the Fan was not umduijf hioUi, 
8d. CoHOLUsioHs.— The relative smallness of the Eyaporatioa from 
the Qanges Canal, (near Roorkee,) whidi is especially remarkable in the 
kot weather months, is most probably then due to the utnumud oMnm of 
the water (eS"" to lb"" in Jane, $ee Tab. LXXXYI). 
- It must be remembered that the Riyer Qanges which supplies the 
Canal is a snow^fed river, and that the Canal-Head is jast at the spot 
where the river leaves the mountains. The two Experimental Sites 
were distant from the Canal-Head as follows :— ^ 
Sol&nl Aqueduct, TaU of Central Pier, about 18 miles, 
Kamhera Discharge Site, about 524 miles. 
The water at the npper (Bolini Aqnednct) Site is actually about its 
coldest* during the hottest months of the year, the Ganges River being 
in those months greatly swollen mihjfreehly melted snow. 
From all the Results it would seem thair— 
"The Evaporation from the Canal-surface near Boorkee averages about i^'* 

daily (out of the rainy Season)," ^ (1). 

9. Dependence on weather. — ^The dependence of the Evaporation on 
the meteorological elements quoted, viz.— 

1% Mean Temperature $ 2°, Humidity ; 3®, Wind, 
• ZtifiathanawBilMsotBSllytlieooolMtwstvoMalnsbteinaoorlmwitl^^ 
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ifl by no meaiiB obyions. On examining the 28 eases folly reported for 

the Solan! Aqnedact (Nos. l-*28, Tab. LXXXVI), it seems, howerer, 
dear that a combination of high temperatnTe, low hamidity, and high 
wind is (as might be expected) nsnally accompanied iriih high erapo- 
xation, and vice versL 

10. Total Evaporation tram OaaaL— It becomes an interesting qnes- 
tion to estimate the Total Evaporation from the whole length of the 
Canal and of its Branches and Distributaries, for comparison with the 
Total Supply admitted into the Canal. The whole Area of water-sor- 
face exposed to Eyaporation has been obtained from following data :— » 



OAHAIto 


TMalLengtti 


Sukfwss braadth 
[la Ml. 


Ana 


Total Ana 


Main Canal 

Branch Canals, 

MigorDistribntariefl, ... 
Minor Distribataries, ... 


850 

800 

8000 

700 


190to60 

70to80 

10 

5 


281,000,000 
79,300,000 

168,400,000 
18,480,000 


487,080/)00 



Assuming from Art. 8d the rate of E?aporation to be about ^'^ or ^ 
of a foot per day, the Total E?aporation would be 4,059,000 c. ft. per 
day, or 47 c. ft. per second, which is about ^Hth part of the Full 
Supply (7000 c. ft. per sec.) into the Canal : thus— 

" The Eraporation-LoBs is aboat xhr put of the FoU Snpply of the Canal ",...(2), 
or in other words — 
«Aboat 10 minatea'FollSapply of the Canal is lost daily mETaporationV.(80X 
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CHAPTER XXVI. 

SUMMABY. 

StUBmsry of Restdts. — A pretty fall Bammarj of the Ristilts ob- 
tained in this Work is given below, so that they may be seen in a 
collected form vnthout the necessity of reading the details either of the 
EzpsBncsMTs or of the Aboumbnts on which they are based. The 
references to Articles (black letter figures, sis li, onlejt of page) and 
Besnlts (numbered, as (7), on right of page) will enable consnltatioB of 
details to be made when desired. 

ABSTBACT OF RESULTS. 

Chap L—IzrrBODOorKnf. 

1, " Eziflting Modes of Discharge-MeaBiirement of laige bodies of water are of 
doabtfol aocnracy ". 

S, ** New Ezperiment is wuitod on large bodies of water in motion wndtr sh^le 
Conditions^ e,g.f in l«rg« regular Canals ". 

7. ''A SiTB— to be Tcry fayorable for Experiment— shonld be sitoate in a straight 
uniform Beach of great length, i,e., with uniform Banks, uniform Bed, and uniform 

Bed-slope for a great distance above and below ", (12). 

— **and, to be suitable at all for Experiment^ must not be situate in a marked 
hoHow in the Bed-slope", (12a). 

Chap. iy.«-yELOGiTT-MnAsuBEif Kirr. 

1. *' VblOOITT in Hydranlics usually means ' Forward Velocity ', i.0.,the resolved 
part of the actual yelocity taken parallel to the current-axis ". 

4a. *' Mean Velocity-measurements of all kinds are not sensibly affected by Enors 
in estimating Depth, or Breadth, but only by Errors in the primary Velodty-measure- 
ments on which they depend '\ • • .» (8a,B). 

0. About the '* Essentials of a FLOAT '^ 

7b* ** Neither obliquity nor crookedness at Float-path necessarily interferes with 
the proper use of Floats'*, • • (^»M>« 

7o,d« '* Floats measure the Ayerage of the Forward Velocities ei the fiuid 
partidessuccessiTely displaced along the Float-path", (6)^9*), 

9. ^Floats can be used with adrantage only at a 'Farorable Site', (as in 

Ch.l,(T))", (12). 

3 D 
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10. ^ and not near imgnlar banks, nor very close to any banks howerer regolar '^ 

11. " Floats hare many adrantages oyer Fixed Instmmentis Tis. — 
1*, interfere little with the natural motion of the water ; 

2", measare velocity directly ; 8% can be used in streams of any sise ; 
4^, are little affected by silt or weeds ; 5^ measure forward Telocity ; 
6"| can be made and repaired by common workmen ; 7^, are cheap ". 
14a. " ^^® Bopes defining the Run most be strained at lowest possible Leyd ". 
21. ''A moderate Dbyiation from the tme Float-Coarse is admissible *\ . . (18). 
** The admissible Deviation is greatest near mid-channel, decreases slowly to- 
wards the banks, and rapidly close to the banks ", (14). 

*< Strict accoracy in the position of the Pendants is not essential ", •• (15). 
28, <* To save time the Dead Ran most be reduced to a minimum near the 

banks, especially with Surface-Floats ", (19). 

** Subsurface Floats require increased length of Dead Bun as the depth of 
submergence increases", (20). 

26. ** Por accurate timing the eye should be free to watch the visible pheno- 
mena, whilst the timing should be done wholly by ear ", • . • « • • (21). 

"Similar obserrations at beginning and end of the timing should be done 
by the same Obsenrer, so as to eliminate his personal equation ", •• •• (22). 

27. " Precision in timing admits of Short Runs which both save time and con- 
duce to accuracy of Oourse ", (25). 

jgJt^" Long B,TJKti If Mtb time", (26). 

•« The Run should be the shortest oompttible with good timing", .. (27). 

28. " With really good timing a 5(K Run is a good Stahdabd for general use; 
smaller Runs must be used near the banks ", (29). 

81. "No Float which is not a < Good Float' (as below) should be recorded ", (80). 
81a. ** ^1m ^^ criteria of a Good Float, i.«., of a Float's passage being worth 
record, are that it should run both * free ' and in * fair course ' ". 

Chap. Y.— Dbtailb. 

S. ** The mean of highest and lowest free water-levels within a short interval may 

be accepted as the Average Free Water-level at the time *' (4). 

8. *' ThisFreeWater-levelisusuallyslightlyikipAtfr thantheStill Water-Level",(5). 
** For great accuracy (e.^., for Surface Slope-measurement) the Free Water- 
level should be taken ", (6fi). 

** For ordinary work either the Free or Still Water-level may be used ; the 

same one should be used constantly at same Spot ", • • . . . . , . (65). 

11. ■* The Average Free Water-level on either bank may be accepted (except in 

a high cross-wind) as the Free- Water level of the Site ", (9a). 

MRut in a high cross-wind the mean of Results on both banks should be 

tAken", (9^). 

12* ** The Mean of the initial and final water-level of an Experiment may be ac- 
cepted as the Mean Water-level of the Experiment ", (lOo). 

18. '* In Rough Beds Average Gross-Sections should be determined from Average 
Soundings, i^., the Average of several Soundings along a Sounding Course **. 

''Average depths determined from these should alone be nsed in oompa- 
tation". 
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15- ** The determiiuitioD of Ayenge Depths depends ultimately on the witer* 
le?el determination s so that the Depths are liable to an error of a few hnndieths 
of a foot if the Water-le?el be taken on one bank only in a high cross-wind *% (11)« 

[This of oonrse affects all computed Results (s. g., D ischarges past a Tertical, Cross- 
Section Areas, and Cnbie Dischaiges) into which the Depth enters as a factor]. 

17* " Soundings should be taken wheneyer possible (t. e., in depths not > about 
15*) with a Sounding Rod (not with a Soundii^ lane) from a Boat floating freely 
down-stream "• 

Chap. VL— Ukstbadt Motiov. 

4, ** The Telocity at any one point of water in motion is very Taziable both In 
magnitude and direction, and the yariation is yeiy rapid, ie,, the Motion is essen- 
tially Unsteady '' (4) 

4a. ^ Single yelodty-measnrements are of yeiy lltUe practical use ", • . (7a}. 

5. ''Ayersge yelocities are the only interoomparable Results at diiferent 
points" (9). 

*' Ayerage yelocities are the only Results of much practical use ", • • • . (10). 

6, *' Hydraulic Experiments on large bodies of water must necessarily be both 
tedioMi and ttpemiive from the tedionsness of determining Ayerage yelocities ",(11). 

7. ** The Unsteady Motion necessitates the use of a large stock of Floats "• 

8 & 12« ''When yelocity-measurements at numerous points are required, the 
External Conditions will probably change in the time required for obtaining so many 
Ayerage yalnes. To meet this difficulty, the work should be done in Sbts of a few 
(say 8) yelodty-measnrements only, which should be done as rapidly as possible at 
each point in turn ". 

8 & 13. " The details of each Set will be under nearly same External Conditions : 
and the Ayerage Results of many such Sets fonn a Sbbibs under nearly same Ayerage 
External Conditions ". 

10. « The Mean of about 50 distinct yelodtymeasurements (done in rapid suc- 
cession) may be accepted as an Avbbaob Yklooitt-mbasubbmkmt ", • .(IS). 

13 & 14. " Only such Sets as are under tolerably similar External Conditions 
should be combined into Skbibs. The combination should be such as to eliminate 
personal equation". 

16. ''The Ayerage Velocity-Cunres for Sites of regular contour in a long uni- 
form straight Reach are pretty regular Curyes, generally conyex down-stream ", (18). 
" The departures from rc^arity in actual Diagrams are probably due to— 
1^, insufficient number of yelocity-measurements to yield good AyerageSi 
2", irregularity of contour of bed and banks at and near the Site ". 

16. ^ Discharge-measurements and Mean Velocity-measorements taken from single 
Sbts an only Faib Aybbagb yalues ". 

17. " The stream-lines of water in motion interlace freely in all directions ",(16). 

18. ''Then is Ayerage Steady Motion", (17). 

18. " The Unsteady Motion of water is analogous to that of the wind "• 

20. " The property of Unsteady Motion enormously increases the difficnlty of 
forming a rational Theory of Fluid Motion ". 

Chap. VIL— Subfaob-Slopx. 

db. " Smiaoe-Slope measnxement is an extremely delicate operation '% 
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Sayb. "^A Slope-Length ahoiild be the shorteet yielding a BadtMMH gieatlj 

exceeding the ordinary oecillationt o£ Free Lerel **, (4), (i»> 

3b. "The Water^UTelfl at the two Slope-PointB shoald be taken $immU0m&> 

««*", (6). 

** The Slope-Points shoold be eqaidlstant from the Centre Seetioa ol the Bxpo^ 
imental Site, in positions free from eddies and back-waters, where the motion 
of the water is as qniet as poenble» and with nearly equal sarfsoe-velocitifle peit 
them : the channel also shonld be symmetrical-^hoQi geometrically and physiaUly 
—about the Site thronghont the Slope-Length and for some distanoe abore and 

betow", (7)— («•). 

Sa. "Different Slope-Lengths gire different Besnlts, so that it is probably im- 
possible to obtain tme Local Sorfaoe-Slope measurements '% (10). 

" The same Slope-Length shonld always be used at any one Site **, • . (1 1). 

6a. " The Snrface-Slopes of opposite banks are not generally equal ", • •(18)l 

** Local Surface-Slopes should be deduced from simultaneous measurements on 

both banks", (H),(16> 

15b. " The Local Surface-Slope does not change in any obnondy regular man- 
ner with change of depth '^ (211a). 

** It partakes of the changes of the Surface-Falls of the Upper and Lower Sub- 
Beaches", (29»). 

<* It decreases rapidly with increase of Obstruction at Tail '\ . . (290> 

16e. " At times of High Watavleyel with no temporary Obstruction at Tail the 
Free>Surfaoeldnks as follows :— 

in nearly parallel lines in the Upper Sub-Reach, (90«> 

in converging lines (with gradually flattening gradient) in the Lower Sub- 
Reach", (806> 

^ Obstruction at the Tail flattens the Free Surface-Gradient for a long distance 
back ; with greatest effect in the region below the level of the Crest of the Obstroe- 

tion, and with rapidly decreasing effect beyond this ", {BOefy 

17. " The Sarface-Qradient is chiefly determined by the (Control (espedally Ob- 
struction) at the Tail", (81«). 

CJhap. Vin.— Subfaob-Conybzitt. 

8I>, ** The measurement of convexity or concavi^ of (i e,, across the) F^ Snr* 
face is an exceedingly delicate operation ". 

S. ** The water^Burface in a long straight Reach with pretty straight banks is— on 
theavenge— nearly level across", ■• •• •• (6). 

Chap. IX.--<8ubsubvacb Yklooitt ImronjonnsB. 

3b« " Twin Floats do not— in consequence of the Unsteady Motion— g}ve a proper 
value of the velocity in the path of the Sub-Float" (8). 

4. About tiie << E88ENTIAL8 of a Double-Float ". 

8—8. Tiii* I>etail of *< OBJEonoKS to the Double-Float ". 

8^ iii & vl *< The most serious Fault of the Double-Float is the rapid increase of 
Connector-Resistance with increased depth of inmiersion of the Sub-Float". 

8, << ()ther Faults can be Nmored by Bidtablty proportioning the parts of the Ib- 
stnunent". 
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"The eifldenej of a pivm Doable-Float deereaiies witii inerease of depth of 
immersion of Sab-Float, and there is a limit of depth beyond which it fails ", (5), (6). 

" To secore eqaal efficiency at all depths, the Sab-Float shoald be increased 

bothinsizeandnett weight as the depth increases", (7)* 

Sa. ''The snbsnrface Telocity-measarement made with the Doable-Float is attri- 
boted to a depth always > the real depth of immersion of the Sab-Float ", •• (8). 

"and is always more or less affected by the Sorfaoe-Float and Connector 
Bctistanoes", (8> 

Chap. X— Vertical VBLOcrrY-CuEYBS. 

4. ** Freqaentre-adjastment of the Connectors of Doable-Floats is inoouTcnient **, 

'^Sabeorfaoe yelodty-measarement with Doable-Floats can therefore only be 

done with oonyenience at fixed depths". 

8, « The Fbopbbiibs of the Ayerage Vertical Velodty-Conres are as follows :— 

<*The Carves are generally convex down-stream, (except near an irregalar 

bank)", (1). « 

^ The maximum velocity is nsnally below the sarf ace ", (2). 

** The max. velocity sinks (in a rectangolar channel) from the centre towards 
the banks, and is at aboat mid-depth near the banks '*, •• • • • • (8). 

** The velocities near the bed are generally the least ", (5). 

'^ The mid-depth velocities are generaDy greater than the means ", • • (6). 

^ The Carves are decidedly fiat", (8). 

''The flatness decreases in a rectangalar channel from the centre towards the 

banks", (^. 

11. ** Vertical Velocity-Corves obtained with the Donble-Iloat ore distorted (by 
Instmmental defects) as follows ":— 

(a), ** Haw. v€loqf, at Surface, The partial errors are enmnlative, the Ob- 
servation-Carve lies wholly without the trae Carve, and the Brror increases with the 

depth", (16tf). 

(P)^" Mate, veloey,h6low Surface, From the sai£ue to the max. velocy.-line 
the partial errors are cnmalative ; from the max. velocy.-line to a depth where the 
velocity is equal to the surt-velocy. they are partly compensatory ; below this lino 
they are again cumulative. From the Surface downwards the Observation-Carve 
lies within the True Curve, crossing it at a point somewhere in the second region 
above named ; below this point it lies wholly without the True Curve» and the J&rw 

increases with the depth", (156). 

11. ^The Observation-Curves obtained by use of the Double-Float are all too 

flat, especiaUy near the bed where the velocities are all exaggerated ", • • (18a), 

12a. ** ^0 mid-depth velocity (on any vertical) is subject to great and rapid 

variation from instant to instant", t •• (19). 

12b. "but to a less extent than the Surface- and Bed-veloeities", .. (20). 
18a* *' '^^ bed-velocity is subject to much irregularity ". 
16. ** Any marked change of any one velocity is accompanied ca the whole by a 
Mkniiar change of all the velocities past the same vertical ". •• • • (20a). 

Chap. XI.^VsB!noAL VxLocmr-CfaBVB FxauBK 

1. ''The investigation of the figure of the Vertical Vdod^-Cnrve k % imj 



Digitized by VjOOQIC 



S90 CHAP. ZXVI.--8UMMAET. 

delicate inqfoiiy, M the d«te ATtikbto (the T«lodty-meMiinmm^ 
lorthepnrpoee". 

8o,d. " Th« Method of trial and error is altogether nneatisfactorjr for the pur- 
pose if the depth of max. reloeity^line, and parameter of the carve are to be 
discussed ''. 

Sd| 6, & 10. '*The 'Method of Least Squares' is alone satisfactory in thisease''. 

7. ''The Ayerage Vertical Yelodtj-Carre approximates in general cloeelj to a 
parabola with horisontal azis'% (17). 

7b» ** The data do not admit of the determination of the depth of max. yelodfy 
line and parameter of the cnnre (which define the position and size of the corre) wiUi 
any closeness", (20). 

9a. " The max. relocj.-line is nsnally above mid-depth on all vertieals, and above 
i-depth on verticals at or near mid-channel*', (2^f&> 

10* " The tracing of the dependence of the quantities Z, p on the Bxtemal (Condi- 
tions is yeiy nnoertain". 

10— lib- " The Mississippi and Baiin Experts, foimnls for the paziUMter are 
not based on good evidence *\ 

Chap. XIL—Dspbi8Bioh of Maximum Vilooitt. 

SAiC* ^ The position of the line of maximum Telocity on any vertical does not 
depend sensibly on the depth of water, nor yet on the state of the wind", (1) & (8). 

4^ " Wind most be long oontinned to sensibly affect the position of the max. 
velocity-line". 

7. " The Air-snrf ace is a part of the Wet Border cansing a slight bnt sensible 

resistance to the flow", .. (4). 

" The depressioa of the maximnm velocity-line is dne largely to the Air-re- 



CtaAP. Xm.— DlBCBABOB PAST A VXBXIOAL. 

Sd. " The Arithmetic Mean and Trapeaoidal Bnles for Areas both err in defect 
onthewhole", •• .. •• .. •• .. ..(18). 

4b* ** The Dischai^ past a Vertical found by nse of the Doable-Float > the tme 
Discharge when the max. velocity-line is at <» near the surface, and approaches 
eqoality with it as that line sinks to a depth of about i full depth. As this line sinks 
further the Discharge-measurement falls short of the true Discharge, and the Discre- 
pancy increases as that line sinks ", (22> 

(3hap. XIV.— Mean Vklooitt past a Vebtioal. 

% «<TheAritimieticmeanofvelocitiespastaverticalis<tiieMean Velocity", (8> 

(. "The Mean Velocity past A vertical varies less than most of the yelodties of 
which it is the mean", (8). 

4* "but it is by no means constant", (4). 

6b* ''The Mean Velocity-measurement (U') exceeds or falls short of the true 
Mean Velocity (U) past the vertical, according At it is leas or greater than the Sur- 
laoe*Telocity(«o)^ (9> 
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gi). « For finding Mean Velocity part a yertical by Telodty-meaBoranents at more 
than ofu point, the fonnnla «■ = ^ («« + ^|b) ct"!^^^^ aocnracy with the greatest 
practical convenience", (88a). 

M. «« The Mean Velocity-line is always below mid-depth'', (86). 

9d,e. ** '^^^ ^«^ Velocity past a vertical can only be approximated to by relocity- 
measnrementa^aftn^/^poinf", •• •• •• •• •• •• •• (87})* 

9f. ^ The Average Mid-depth Velocity is generally> the Mean of ito vertical ".(46a). 

10&. ** ^® i^^o o^ ^^<^o^ to Mid-depth velocity is not eomtant, bnt liable to abont 
16 per cent variation ", (60). 

11a. " The Mean Velocity past a central vertical increases and decreases on the 
whole with increase and decrease of either Depth or Surface-Gradient ", (51 ), (52). 

lib* " The relation of the Mean Velocity to the External Conditions is too 
complex to be worth endeavonring to trace ont by mere Experiment, i.«., withonfc 
Bome guide from a rational Theory ". 

12. ** A mnch closer approximation to the Central Mean Velocify may be obtained 
by direct velocity-measnrement of any one primary velocity past centre vertical (e.p'., 
tiie anrface, mid-depth, &&) than from any known formula in terms of Surface- 
Gradient" (58). 

18. ''The best practical mode of Mean Velodfy-measurement in depths over 
15' is to attempt only approximation by vdodty-measorements at {-depth at a 
general mle^ or at ^\^epUi close to vertical banks "• 

Chap. XV.— Bodb. 

4. Abontthe <*EsBENTiAL8of agoodRod". 

5. *<The Full Length of a Rod should only sligfatiy exceed its immersed 
Lengtii" (2a). 

<< A Long Rod is quite unfit for use with small immersion ", • • • • (2^). 
7f. <* Top-hooks are a useless addition to a Rod". 

Be* '' The Rod-velocity of a Rod nearly grasing the bed gives an appraxima- 
tion to the Mean Velocity past the vertical generally closer than that given by the 

Doable-Float", (16). 

9> ** Rods move more steadily than any other sort of Float ". 
10. ** The Advantages of Rods (for measurement of Mean Velocity past a Ver- 
tical) are, as compared with the Double-Float, as follows :— 

** They are free from the uncertainty attending the Instability and unknown 

Lift of the Double-Float", (18). 

" They give an approximation to Mean Velocity past a vertical usually closer 

than tiiat given by the Double-Float", (19). 

** They give the Result more rapidly", (20). 

** They are more easily handled, and less delicate", (21). 

<* They are simpler in ooDStmction, cheaper and more durable ", •• •• (22). 

10. ** For measurement of Mean Velocity past a Vertical, the Rods should super- 
sede all other Instruments in cases favorable to their use", • • •• •• (28). 

11. <* The Conditions favorable to the use of Rods are :— 

^ A Reach of nearly uniform cross- section and average bed-elope throughout a 

greatlcngth", (24). 

** The Bed should be tolerably even lengthways at and near the Site ", • . (25). 
"^ The Deptii ahonld not exceed about 15' at and near tiie Site," «• •• (^6^ 
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IB. *< ThcSiteabovId be prepand for ose of Roda as follows :«-- 
''The Bad should be dnssed to a tolerably nnifofm cioos section and longi- 

tndinal slope for a length of say 250"', (2te). 

^ The Banks shoald be dressed to a tolerably vaif ofm slope for a length of say 
260'; and, if likely to soifer erosion, should be reretted with nusonxy,'' (29^). 

Chap. XVI— Thsobt of Rod-Motioh. 

10. " The Bod-velocity line is— within the limits of practice— always somtwkat 

more (i^/yMalei than the line of Mean Velocity past its immersed length ",(186), 

<* and is therefore— within the limits of practice — always iomewhat Uu than 

the Mean Velocity past its immersed Length ", (i^)* 

** For mere accaracy of measurement of Mean Velocity pasta yertical, the im- 
mersed Length of a Rod should be deoidedly le$i than the full depth on the yer- 
tical", (19). 

U. '* The proper (immersed) Length of Rod is from *950 to *927, or on an 
ayerage '94, of the Fnll Depdi of water ", (22a,h). 

Chap. XVIL— Tbanbvsbsb Velocitt-Cubtbs. 

0. "For tracing the figure of the Transyene Velodty-Cnryes the FloaU>>nne 
Spacing in aCanal should be— 

1®—** symmetric about mid-channel "• 

9*—" frtde spaced oyer the leyel part of the bed ". 

ff*— "closer spaced with approach to the banks, and with one Float-Coursa at 

the foot of each bank". 
4*— "closest spaced nearest the edge ". 
Ba. "If Discharge-measurement is the aim in yiew, there should be a primary 
diyision into Spaces as above, and the Spaces should be subnUvided into a number 
of Sub-spaces which should be multiples of 2, 8, or 6 ". 
12. " The Properties of the Average Transverse Velocity-Curves are as follows :— 
12| i. " The velocity-variation (in any one curve) approximates to the f<^lowing 
distribution (in the case of a symmetric cross-section with a level or wholly concave 

bed, in a long uniform straight Reach) (3). 

"the maximum velocity near the centre", (8a). 

"a very slow decrease of velocity from the centre towards both banks, which 
becomes more rapid with approach to the banks, and is very rapid close to the 

banks", (8*-rf). 

"thecurveis wholly convex down-stream", •• • •• (8«). 

"and is symmetric about mid-channel", (^). 

12. ii. " Every marked change in the figure of the bed produces in genend a 

marked effect on the figure of the velocity-curve", as follows :— • • • • (4). 

** Increase of depth tends to increase of velocity, and vice versd ", . . (4a). 

"The maximum velocity-line tends to be in tiie deepest channel (if sufficiently 

far removed from the banks) ", (46). 

" A convexity in the bed causes aconcavity in the velocity-curve and vice versd ",(4e). 

^* These effects are more marked in shallow than in deep water ", •• •• (4<0» 

12, iii. "Velocity at same point of Like Cnrvea incieaseB and decreases eaterU 

fMft^iM witik rise and fall of wate^IeTel "i (^> 
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12^ It. '* like Carves aie similar under similar External Conditions ", • . (6). 

12 f ▼• ** I^e Carres ofeqnal mean Telocity are oaierU parihus eqoallj flat as 

• whole" (7). 

13, tL " Carres of low relodly are cteUrU paribui flatter than those of like 
kind of high velocity", (8). 

X2, ▼u* *' The Flatness of a Carve does not depend so mnch on the general tUpth of 
water as on the Mean Ydocity, so that Carves at low water are not necessarily flatter 
than Carves (of like kind at high water) ", • . . • (9). 

12 viii. " These Carves are sharply rounded over sloping or stepped banks, and 
more f ally rounded near vertical banks ", (10— IO0). 

12. ix. ** At Sites of similar character Like Carves are— each taken as a whole — 
flatter throaghoat at &e wider Sites ", (11). 

12. X. ** Of Unlike Carves under similar External Conditions in the same rectan- 
gular channel, the Mid-depth Carve is usually the outer, (except near the centre,) the 
Mean Velocity-Curve intermediate, and the Bed Carve the inner '% • • • .(120). 

also, ** the Mean Velocity-Carve is one of the flattest, and the Surface Curve the 
most fully rounded ", • • •• •.(12S). 

14. "The forward relodty near the edge decreases rapidly with approach to the 
edge" (18). 

14b« ''At the edge the forward surface-velocity is very small, (perhaps zero)",( 185). 

"Hear the edge there is a persistent flow (at and near the surface) frofti the edge 

towards the centra, most intense nearest the edge, and decreasing rapidly with distance 

from the edge", (Idefy 

Chap. XVm.— TBANBVBBaB Cubves— Gkometbio Fioube. 

1« ^ The investigation of the figare of the Transverse Velocity-Curves is a veiy 
delicate inquiry, as the data available (the velodty-measuremento) are not well suited to 
the purpose ". 

2. *' In Carves of like kind with same water-level at same Site, the velocities at 
same pointe are nearly proportional, so that such Curves are approximately parallel 
projections of one another", • •• (l)&(la). 

S~4. '* ^^ Transverse Curves resemble semi-ellipses in general shape, but with 
flatness increasing as the water-level sinks in such a way that the exponent (a) (of 
the order of ellipse) increases as the water-level sinks ". 

6, '<The Wet Bonier (including the Air in this term) is the ultimate source of 

retardation of flow", (11). 

''Velocity at any point is probably a function of the 'average effective distance' 
from the Wet Border ". 

Chap. XIX.— Abeas Ain> Disohaboes. 

11. "The number of repetitions of any Observation-measurement should be 
proportional to its 'weight' in the computation formnliB", •• •. •• (18). 

13. " The Trapezoidal and Arithmetic Mean Rules err in defect in the long ran : 
and when the bed is concave the Eizor is not necessarily very small "• 

8 B 
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15a. ''The chief adyantage of the process of Bisdiarge-measiiremeiit nsed in 
this Work is the completion of the Field-work of a single Result within a moderate 
time within which the External Conditions (except Wind) maj he presumed to Jtave 
been tolerably e&tutant '*, 

17a. '* The Cnbic Discharge increases and decreases rapidlj with rise and fall of 

Water-level", (U). 

" bat depends to at least an eqnal extent on velocitj ". 

18. '' The Cabic Discharge is sensibly constant from instant to instant *\ . . (15). 

19c« " ^ cross-wind is liable to canse excess or defect in Cnbic Discharge-measnre- 
ment according as it blows to or from the Qange ", (18). 

19(1. '*The chief scarce of yariability of saccessiye Cubic Discharge-measnre- 
ments (under apparently the same External Conditions) is that— in consequence of the 
Unsteady Motion — each single Result is an imperfect one ". 

21, ** Discharge-Tables shonld be Tables of double entry, showing both Gange- 
Beading and Sorface-Slope or -Gradient aa Argnment". 

Chap. XX.— Mean Velocitt. 

2. " The Arithmetic Mean of velocities errs in defect ". 

S. *• The Mean Velocity past a Transversal, and the Mean Sectional Velocity are 
less yarialje from instant to instant than most of the individual velocitiea *\ . • (8). 

8a. *'The Mean Velocity past a Transversal varies sensibly from instant to 
instant", • (4). 

3)). " The Mean Sectional Velocity is constant from instant to instant, and in a 
higher degree than the Cubic Discharge ", •• •• (5&6). 

5. ** The chief source of variability of successive Mean Velocity-measurements 
(under apparently similar External Conditions) is that—- in consequence of the Un- 
steady Motion— each single Hesnlt is an imperfect one ". 

14. *' There is a general sort of agreement in the variation of the Mean Surface 
and Ontral Sarface Velocities (Uo« r^), and also in that of the Mean Sectional, Cen- 
tral Mean, and Central Sarface Velocities (V, Uo, I'o) > <^ o^ ^® quantity iJBS 
with the latter three", (U). 

15. "The Mean Sarface and Central Sarface Velocities (Uo, v^, and also the 
Mean Sectional, Central Mean, and Central Surface Velocities (V, Uq, %), and the 
quantity a^K^ increase and decrease with increase and decrease of either Hydraulic 
Mean Depth or Surface-Gradient ", C1S)~(18). 

16o. '' Sarface Velocity-measurements,— and therefore also Discharge-measure- 
ments depending on them, — ^are liable to be under- or over-estimated in high up-stream 

or down-stream wind", (19&22). 

" The Mean Velocity-measurement is only slightly— if at all— affected by up- 

and down-stream wind ", • •• (20). 

*' Surface Velocity-measurements made in high up- or down-4tream wind are 

quite unsuitable data for Discharge-computation " (23). 

16d. " The Mean Velocity-measurement is not sensibly affected by a high cross- 
wind, but is a^^ri&Ktfif to an abnonnal Gauge-Reading ", M •• •• (^)« 
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17. "The ratio C=V-4-Uo Increaace in g^eral with increase of depth, and 
probably also with decrease of Telocity or surface-slope ", . • • • (26 & 26), 

18. " The variation of the ratio c = V-5-»o "> ^^T obscure, (probably in conse- 
quence of the disturbing effect of Wind on the surface velocity ", 

19. " The ratio C = V -^ 100 ^/KS increases and decreases generally with in- 
crease and decrease of hydraulic mean depth ", • • (27). 

19&* " '^^ ^^ depends in some complex manner on the Surface-Slope ^',. . • (28). 
19b* ** <^d also on the nature of the banks and bed of the Site ",. • • . (29). 
21. « The form of the Bazin Co-efficient Cb = ^a + ^ ) "* is defective ",. • (86). 
22a* " Mean Velocity- and Cubic Dischai^e-Measurements obtained by applying 
Bazin's Co-efficient Cb for reducing Central Surface Velocity-Measurements to Mean 

Velocity are usually under-estimated *\ (40). 

22b. " ^he under-estimation is so great that this Co-efficient is of little practical 

use in Earthen Channels ", {41}. 

22c* Bazin's relation Cb = 100 C -?- (100 C + 25*84) is fundamentally incorrect 

as a relation between c s V -^ 0^ and C ", (42). 

2So« ** Kntter's Co-efficient (Ck) is one of pretty general applicability '*, . . (45). 

** When the Surface Slope-measurement is a good average^ it gives Results whose 

Error will probably seldom exceed 1\ per <*/o in Large Canals ", . • . . (46). 

24* "The Mississippi Experts. Formula is useless as a general expression for 

Mean Velocity, (except perhaps in cases of very low surface-slope) ", . . (52). 

2& ''Further experimental research for an improved Mean Velocity Formula 

is an almost hopeless work until the proper functional form is suggested by an 

improved rational Theory ". 

27a« " A close approximation to Mean Velocity is more likely to be obtained 
by use of formulas depending on Velocity-measurement than on Surface Slope- 
measurement", (55a). 

27b* ''Central Mean is to be preferred to Central Surface Velocity-measure- 
ment for use in approximating to Mean Velocity ", (57). 

28, " The connexion between Mean Velocity and any other primary Velocity 
is of a more intimate and simpler kind than between Mean Velocity and Surface- 
Slope ; the former being probably merely a geometrical, whilst the latter is a phy- 
sical, relation". 

29. '' ^or rapid approximation to Mean Velocity a good Average Central Mean 
Velocity-measurement is (at present) the most reliable ", (58). 

Chap. XXL— Bischabge-Vbbifioatiok. 

4. "For comparison of successive Cubic Discharge-Measurements at the same 
Site, such as are done in immediate succession are much the most suitable ". 

9c. **For comparison of the Cubic Discharges through successive Sites, the Field- 
work should be either simultaneous or else in same body of water at all the Sites ". 

12. " Under favorable circumstances the process of Cubic Discharge-measurement 
used on this Work yields consistent Results ", (6a). 

12, ** The Discordance between successive comparable Results may be expected 
to be seldom over 8 per cent, (when the Conditions are nearly similar, and the 
circumstances favorable) ", •• • (66)— (Tr) 



Digitized by VjOOQIC 



396 CHAP. ZXVI. — SUMMARY. 

Chap. XXnL—OUBBBNT-MBTBft WOBK. 

S— 3| ^i^* Detail of " Objections to Current-Meters ". 

6. " Bj nse of a proper Carrent-Meter lift the following adyantages are secured, 
▼iz., Certainty of Orientation and Position and of Gearing and Ungearing the Cur- 
rent-Meter, also Measarementof forward Telocity (besides some minor adyantages) ". 

10. "By separation of the *' recording works" and connecting them electrically 
with the Fan, the following adrantages are secnred, viz.. Redaction of disturbance 
of the water, Certainty of gearing and ungearing. Increased delicacy, Saying of delay 
of lifting to read, and Vision of the motion of an Index copying the moyement 
of the Fan". 

11. " The uncertainties attending these Instruments as at present made are yery 
great". 

Chap. XXIV.— Silt. 

8c. " There is no obrious connexion between the Velocity and Silt-Density at 

different parti of hSitA", (6). 

*' The Silt-Density yaries from instant to instant at one and the same point". 
Qe, " The Silt-Density, and Silt-Discharge do not appear to depend sensibly on 

either the depth or yelocity at a Site ", (7). 

"The Silt-Density and Silt-Discharge in the Ganges Canal depend chiefly on 
the quantity of Silt present in the Supply admitted into the Canal ", • • • • (8). 

Chap. XXV.— Evaporation. 

8b. ** 7^0 Eyaporatlon from (an Eyapometer floating on) a large still waters 
surface or on a riyer is much less than from a small yessel on dry land, (from the 
liability of the latter to become superheated) ". 

Bd. " The Eyaporation from the Ganges Canal near Boorkee ayerages about •^* 
daily (ont of the rainy season) ", (1). 

1 0. " The Eyaporation-Loss is about -^h P^ ^^ ^® ^°U Supply of the Canal (or 
about 10 minatea' Full Supply daily")* (2) & i^<^)* 
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CHAPTEE XXVII. 
COST. 

Prtfaee*'^Th!d genenl Reader ahonld omit the detaili ta the Table of Art. 1. 

1. Cost. — The Amounts sanctioned yearly by Goremment, and the 
actual Expenditure of each financial year (up to April 1881) on the 
whole Work are shown in the Table below, with the Expenditure sepa- 
rated for ready reference under the three Heads of Field-work, Reduc- 
tion^ and Publication (denoted by F, B, P respectively in last Column). 



Appuo^tion. 


GOVBRHHBHT 8A.80TI0N. 


SAHOTION. 


SZPKKDITUBB. 


No. Date. 


OoTt. No. Date. 


Rnpeei. 


Tear. ' 


R. A. P. 


Charge. 


459 of 18-5-74 

1268 „ 6-4-76 

157 „ 15-1-76 

4849 „ 24-11-76 

1411 „ 28-4-77 

828H „ 16-10-78 


6 480 of 27-7-74 

|o 8691 „ 1-10-76 
1^ 1291 „ 16-8-76 
'■^5 92AI „ 22-8-77 
889 „ 22-1-78 
"|"C949W„ 26-10-78 


1,750 { 

8,000 
6,600 
6,000 7 
1,650 I 
1,777 


1874-75 
1875-76 
1875-76 
1876-77 
1877-78 
»» ft 
1878-79 


824 

625 

1,526 

6,478 

7,156 
•1,026 

6,700 
1,425 


4 
14 
12 
10 

7 
14 

12 
15 



8 
8 
10 

8 
6 

4 
7 


F 
F 
F 
F 
F 
F 
F 


Varions. 
688H of 12-8-'80 


1 188B of 6-6-79 
1 8474B „ 26-ll-'80 
pj 8948B „ 21.12-'80 
^ 996B „ 8-8-'81 


17,807 ) 

8,044-8/ 

461-6 ( 

166-2 ) 


1878-79 
1879-80 
1879-80 
1880-81 


F 
F 


707fl „ 6-12.'80 


6,187 8|lll R 
8,244 91 61 R 


726H „ 24-l-'81 


1880-81 


4,471 


» 


' 


P 


Grand Total Ezpenditare, 
Deduct Realization by Sale of Stock, 


88,568 
1,897 


1 


10 

4 






NettTotoll 


Sxpenditnn 


J, 


87,171 1 7| 6 





The details above are printed here chiefly for sake of permanent record 
and official reference. The Totals alone— shown in Abstract below — 
will probably be of any general interest :— 

* This was for Toola and Plant, meet of which were traiuf ened (after 4 monthi^ nee) to the 
Northern Divn., Oangeo Ctanal, wUhoui chargt, so that only a part of this item is fairly chargeable 
to the Bzperimante. 
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398 CHAP. XXTII.— COST. 

Ahatraet of Expenditure, bs. a. f. 

Total Ezpenditare on Field-work, 24,665 11 5 

•> n ft Rednction 9,432 2 6 , 

If „ n FablicatioD, *4,471 

Grand ToUl Expendititre, ... 88,568 13 10 
Dedaet Realization hj Sale of Stock, ... 1,897 6 4 

Nett Total Expenditure, ... 87,171 7 6 
These Totals show the Actual Nbtt Expenditurb only to end of the 
financial year 1880-81. They are therefore not quite final. There will 
be some small expenditure in distribution of the Work falling in the 
financial year 1,881-82, and there may be some modification* of the 
charge for Publication when the "Work is issued. 

2. Total Cost.— The Total Expenditure above shown (Rs. 87,171-7-6) 

is only the direct expenditure which appears charged to the Experiments 

in the Public Accounts. Many charges which might fairly have beea 

charged to the Experiments were borne by other Departments, thus :«- 

1®. Many of the Observers were lent by the Irrigation Department,/ree of charge^ 

liz, :— 

Sergt Reynolds from 21.2-'78 to April '79, 

Mr. Andrews, Sergt. Bell, Mr. Callaghan, Mr. Clowsley, and Mr. Smith for 
the periods stated in Ch. II, 4. 
2^ The services of the Superintendent were set free by the Thomason College, 
wholly from Novr. '78 to April '79, and in part from May '79 to Octr. '80, 
foithout charge to the Experiments, beyond a comparatively small ** officiating 
allowance " to the officers who took up his College duties, (amounting in aU 
to Rs. 1,670-15-6.) 
S®, The Thomason C. E. College provided without charge-^ 

(a). Office accommodation aad furniture thronghout the whole period. 
(fi). Use of Surveying and other Instruments „ „ „ „ 
(c). Use of a large Camp Equipage from January to March 1879. 
(d). Stationery throughout the whole period. 
4^ Several Departments lent various expensive Plant for long periods, free of 
charge— 

(a). 8 iron boats and 1 Pontoon Raft were lent by the Irrigation Dept 
(5). 1 Pontoon Raft was lent by the Bengal Sappers and Miners, 
(c). 8 chronometers were lent by the Survey Department. 
5^ A certain amount of '* preparation of Sites" was undertaken by the Irriga- 
tion Department free of charge* 

It is difficult now to estimate what would have been the charges under 
these several heads : they may be set down roughly as follows :— 

• This Is only ih« EtHmaUd Cott of Pablioati0n of the (tOO) copies taken by Govemment for dis- 
trihation: the Actual Cost— when the Work in inaed^may differ a little from this. 



Digitized by VjOOQIC 



ART. 2. 899 

No. l«,K«, 6,600; No. 2, Ra. 6,000. 

Nos. 8^, 4**, 6^ are impossibly to estimate properly now, say Ra. 6,000. 

This would swell the Virtual Total Cost of the Experimeats to abont 
Rs. 54,000. 

This may seem a large sum for the sort of work, and for the practical 
Resalts obtained ; bat this class of work is (from caoses ezpluned in the 
Chapter on Unsteady Motion, Ch. YI, 6) necessarily very expensive. 

Nearly the whole expense of such work is the skilled Establishment : 
tlie cost of Stores is comparatively small. The heayiest item in these 
Experiments is actually the salaries of the Observer Staff, (European 
Overseers drawing from Rs. 185 to Ks. 100 a month.) 

[Skilled saperintendenoe would— as a rale, in India— form by far the heaviest item. 
In these Experiments however it was a very smaU item ; for the first two yearn the 
Superintendent gave his serrices free ; from April 1877 till December 1860 Qovem- 
meat granted a " snperintendence allowance "* of Bs. 160 a month]. 



BMD OF PART IV. 



• A special Snpaintendent would have cost from Bst 8M to (lay) Bs« 1,000 a month aoootding to 
Ids ezperfcnoe and sfeondiBg in tHe Service. 
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